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L*LJ'%EJULﬁauswdwmiﬁham:LLﬁlWﬂwﬁmﬂ’aﬁLﬁmLLazﬁ’aéﬁjﬁﬂisLLaMﬁﬂ 11000, 11500, 12000 way 12500
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LoNWU$ (Ampere: A) HamsAnWINUIINTToNANLFUMULUUIAfednfadglieanudunulssAadeu
wasgenimadenseviaiadifealunnszdunszualuii Tnolamziissdunszualin 12500 A TidA
fumuussiadeuadeguaniniu 4534.654 N 1esanmsinenszudlwiiuuuiadgannsamuauipinsaia
SounavanmsazauauSouduiuliog iU @nsaw a'qwaiﬁmmmf&wﬁ’mmil,ﬁﬁfglﬁuimadﬁfly'umiﬂimam%q
lante Fe,Als Wag FeAl, ﬁﬁmmmswqﬂﬁﬁmwmmﬁmmzauléfﬁﬂdw 31NNTIATIENLATIETIgaNAMIENEBY
QaVITIALBLANATOULUUADINTIALAE MNINTE8FWI517 WU iunseudliindsualnenssonisiiunday
anufou Mlkuwsvesinfindenvenemiuwasiiuaeuaansalunssunssmanavessesidon aguladn
nszvaunad ennvuiadidumaiaiduszansamgslunisusuugeandinisnanazarugunisnedives
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ANEIARY: NMITDUANUAIUNIUKUUIN IMANNAIANTUBUNANAT SPFHT80 axgiliflounay 5052 nsnedivestu

a1sUsEnaUTIlany ANUAUIULIIANLRDY

Abstract

This research investigates the influence of welding current levels and pulse configurations on the
mechanical properties and intermetallic compound (IMC) formation behavior at the interface of resistance
spot-welded (RSW) joints between SPFH780 low-alloy carbon steel 1.60 mm thick and 5052 aluminum
alloy 1.50 mm thick. A comparative study was conducted using single-pulse and double-pulse current
modes at intensities of 11000, 11500, 12000, and 12500 Amperes (A). The results demonstrate that
double-pulse RSW vyields significantly higher average tensile-shear strengths than single-pulse welding
across all tested current levels. Notably, a peak average tensile shear strength of 4534.654 N was achieved
at a current of 12500 A using the double-pulse mode. This improvement is attributed to the superior
thermal cycle control and the reduction of excessive heat accumulation inherent in the double-pulse
delivery, which effectively limits the growth of brittle Fe,Al; and FeAl; IMC layers to an optimal thickness.
Microstructural analysis via scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) further revealed that increasing the welding current directly enhances heat input, thereby expanding
the weld nugget size and improving the mechanical load-bearing capacity of the joints. In conclusion, the
double-pulse welding process serves as a highly effective technique for enhancing mechanical performance

and regulating interfacial IMC formation in dissimilar metal joining.
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1. umin

Tutlagtugramnssueusudialansjutunsiamumaluladiioannslinduunazannisudesfin
asvaulaeenles (CO,) gdundo %QLLU’JW’NﬁIﬁUi:ﬁﬁ‘l/l%ﬂ’l‘wqwjﬁﬁE]ﬂ?iﬁ@ﬁ?ﬁﬁﬂ%@ﬂﬂidﬁ%ﬂEJ’TUEJ‘LJ(ﬁ
(Lightweighting) [1-7] mﬁﬁﬁa@ﬁlﬂwﬂ’mmaéwazqﬁLﬁamau (Aluminum Alloys) 11lganusaufumannainu
wi9u5989 (Advanced High Strength Steel: AHSS) Fenanevdunagnsddglunisudnddssosuduuunats Tan
(Multi-material design) Wiolwlgrrnuudausuaranulsendauin [1-6, 8] aehalsfnn maﬁawiai’a@ﬁhq
wiianu (Dissimilar Joining) ﬁwd'masqﬁl,ﬁauLLa:ﬁmﬁme’hﬁaL‘flum’mﬁmwmﬁmmma&i’m@'n Lﬁaqmﬂi’a@ﬁyﬁ
aoswiafianuuanistuegiannisluduansininienmuasand Wuganasumaafidstuiouid way
nsimnuannsalumsazaeitdeduisidaun (7, 9]

MaeuFiunIuLULRN (Resistance Spot Welding: RSW) ifunszuaunsindendniifesldluaonisuan
%udaumuauﬁl,ﬁaqmﬂﬁﬂizﬁwﬁmwrmmﬁmqa I3 HATAINITAAIVANAILITZUUSHIULALAR [10, 11] wsiiile
danlfdourevansnsiinduseninergfidounanuazindnnd anufouiiiindulussdugainnseduld
Lﬁmﬂﬁﬁ%mmmwiﬁiamaLLasﬁaTﬁLﬁﬂ%uaﬂsUszﬂaUL%ﬂam (Intermetallic Compound: IMC) Luina Fe,Al
uay FeAl, [9, 101 Baduduiifinnuuszuasiionuudegann mindu IMC daumumnnifuly asdsmalia
udsusemenavessesionanasesiifoddy wazdnidugaiuduvesnmainsesunninitlugnisunnsinly
Snwaizsedisense (Interfacial Fracture) (8, 10]

mimuqumwwmLLaxé’ﬂ‘wmﬂmiqa%qmqqammm%y’u IMC Falutadeingalunmsuiuupnmninaes
soavdon MATeTii LN Rwesnsideu Tnsamznszualiiln (Welding Current) waziialunisiden
(Welding Time) Tualaonserenisiiulavesdu IMC [11, 12] msvunadanissienseualniituuuiad (Pulse
Current) 1ldf 1wunsUTsuiisuszninaitadifien (Single Pulse) wazsiads (Double-Pulse) o1aidumadenty
MsdanIsnnInsENsmLTeuLarannsazaNanLTouduAuTiseedeldAnd Feazdsnalaonsiienisauny
AT IMC waznmTifiuAianusumMuLssradouressosdeulivnyauiunislaeu [12, 13]

f\]'1ﬂmiﬁﬂmmui%ﬁlﬁmﬁmﬁmr"ﬁJmiL%Mmmﬁmmmmuqmwdnﬁa@Gi'mjﬁmﬂﬁzmmzqﬁLﬁau
wazimdnndnldiiuluiinismuaumnaivesifiesifansueesvestuasusznendslans Fuiudatendniidea
Aomuudansiena Tng Cserépi waz Meilinger [11] lévns@nwuaznuiimisdwmeslunszuiunisideud
aruduiuslnsmsaterunuuazainvesalutu IMC Sudufsnuamginssunisunninuasaussiadouves
seudle MsumswanimaianstiensudliihuuuanefadSuldsuauailasgiann Wuemuideves Li uae
Ay [14] Aildvi@nwnisldnszualnfiuuuiaddula (Expulsion Pulse) Saufuadden (Locking Pulse) 3.8y
wnmdlumsmuaudiinaesgfideuvasumaiuinusesse Ineaddulavinuifivinerglidevdiuiueanain
vinadeulnenstienszualiihfiusuardy snsfifaddentisaiawundeuiidunssewivtanlasndsanuin
ovglifivadiuAuoonuds azdenszualiihdnads oyl Taaman WuminvaeuuasBonfintu dealfaunsn
anmsavauvesezgiilounarsudniafin IMC ifanuiungldesnsiusyavsnim luvaeil Chen waw Liu [15] 16
Anwuazuansifiuinnislénsualaiuuuiady (Double-Pulse) Samfumsguieu (Preheating) amnsatiisen

ANuUnIuLsIiadowadslagedis 2858.700 Tadu uazdieiiiuanuatissvessesdeulafniinisldwadines

Journal of Manufacturing and Management Technology (JMMT) Vol 5, No. 1, 2026 (January - June)

|!



g NsasaluladnIsnantasn1sInnIg
MM TR "
sEe R U9l 5 auuil 1 1n31Ay - guIg 2569

Yon9nd MUATves Lara wazame [16] tdiavenislduivaunuaaduduunsnnans (interlayer) lun1sidou
fansswinsegninamnuazergiifioy iouudsuufitemaeiivinusesse Tnsduunsndsndntasannis
Fudalnensesening Fe waz Al LATAIUANNGANTIUNITUNTYDI5TR damalinisnadivedalsusenauidalans
Taglamzila FeAl, Aiflrnusnzgsanas Snilugnmsuiuussquantidnavessosidenntadidodny selsh
ma wiineeflimAdesnnunnliinsinuinavesguadunseudliihengfinssuvessenidon wilungingsums
uanvindansiinnududeu esanldsudvinannvansiadeuiu wumsiinansuseneuiddlans wuauuiey
wazn13NTEANEANToU duwalianuduiusdinandiddannsaesuigliegadaaunazasounqy usiainnis
YUMTIUNTTINUTINEIAEIYe9319999911U338 (Research Gap) fidndgy Aemsuiadeyanisdnwidauieudioy
Tnenseszninednsnavesnszualuiiuuuiadidsnasiadgffiienisdoudotan 1umanndy SPFH780 waz
avaiiven 5052 lnsanign e e iidaUsinaesnnuiuwaziaresasUsenoulelans (Fe,Als way FeAl,)
flaenndastumanusumunssiadouludeulivesiadfunndetuy fadulsaduddninuideduiymiag
e liAnmuithlafdpudmiumsihludszondldlugramnssueusudsely

Faiu ndesiesesdauifindn menwiitsatdunsinsgisvinareamadeusuniunuuga
fifloranuiuuussiadounarnginssunnivlavesfuasuszneudddansuinusesdoseninandnny
SPFH780 wazezqiideunay 5052 lnsviinsiisuiisunavesnisldnszualaiiuvuiadifonaziady 1ilo
Ansziaudiiudssvinlanainnania mstedaesdu IMC warautiniena Suhlugnishmundoulunis

Wounwngandmiunisussendldlugnamnssuenueuiuasanavnssuiiieiteswaly

2. JBnsanliuauivy

2.1 mawn3vslaneitu

nawdenlanefiuduiudnudvinavesguunilunindeunnudumuuuuanssninsesgiidounay
5052 fuwdnné1asusunausn SPFH780 axvhmalnlsstusuminnasguluniadounnuduuuuuge AWS
C1.IM/C1.1:2019 [17] Tnvorgfidioumay 5052 Aldlumsdnwilfiarumun 1.50 mm uasmdnndasuouxaush
SPFH780 fiAnumun 1.60 mm uazdunugninieslnsnsialildvuaniuntis 25 mm uazarmen 102 mm
Tngasdusznaumanivaslansiuuandfluased 1 uagaaadl 2

2.2 /MIneaes

Y o

Tuns@nwillavinns@nednusidunseualnilunisidon InevinnisAnwinisuassnsewalniiiuuu

¢ 1a A

ﬁaﬁﬁmuamwuﬁ’aaq deulvlunisudesnszualniiiiunnsaiy 4 a1 #e 11000, 11500, 12000 wag 12500
wanwU3 (Ampere: A) FuuFsdisuauntmeaaesisunuiniu 8 msveass sfaudsuazsziulunisideunina
duymuildlunsmaaesiliduandusmsnei 3

Tunsfinundl diudsnszualaitndusuusmdnlunssuiunindonanudumuuuua iWesnidy
Jaduiiidvswalagnsaionisinanudoumundnga FsaruaunisvasumaitaznisiadapivlnvesiniAnusim
viaeiwad (Weld Nugget) fifiuwin U3 u,azmmm’aLﬁaaLﬁmwaaudamaaE}N%ﬂstia@mmwmaasam%au Wil
Tunsfnmilldimusguuuunisudesnszualiitidunuuiadifenasinds ieiiouiloudnvasnsavauuay
nsnszateaufou lagidontasanszualliing 11000 A, 11500 A, 12000 A waz 12500 A F9aT0UARNIERU
wSuinaudenaifnsesdeniiinunm wasBosonsinneidninadernuudusadnaazmsned

299a15U5ENdUT AN USR8 19 JUSEUU AIUNISODNRUUNISNARDII1WIY 8 Waulvdellamnuwunsay
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dmsunsfinwdvinavesiulsdnanilieginseunguuaziiuseansan

M13199 1 BeAUsENaUNILATvetorgiiluunay 5052

. 29AUsENOUMALATT (Wt%)
Us2nNV0980)

Si Fe Cu Mn Mg Zn Ti Cr Al

a o

drgULUBUNAYN 5052 0.6 05 01 05 26 02 01 025 Bal

AN5199 2 BIAUTENIUNLATIVRLNANNAIANSUBUNALFN SPFHT80

29AUsENaUNILAT (Wt%)

Useinnvesian
c Si Mn P S Fe

WdnndnAnSusuNaus SPFH780 02 06 2 002 001 Bal

A15199 3 seausartadenldlunisnnasa

. 36U
UJade
1 2 3 q

nszudlifiuuuiadifien (A) 11000 11500 12000 12500

e

nszudlniuuuiadn (A) 11000 11500 12000 12500

]

2.3 Ms\douanudun

feufiginmsidounuiiuniu tilavsituvietunudianuazeniiuiwestunuieesdlawie
vinpsuiduiifuagseliuie mnduhmsnuwesnssntununageuUszneufuifuiatunuudvhnisden
shelaToadouauiiuniu PANASONIC fu YR500-CM2 4u1arinds 50 KVA 50 Hz Tngld8idnTnsnvunnidusin
Audnans 16 mm ildnwazlianLadansInaUaedidnin Ingdianlnsnhaniasmeunsnan CuCrzr

2.4 NINAFDUAIUATUNIULTIRUROUUIIUTOUAD

dmfutunounsmageuaI UL R adouUSasesse axthTunuiiniunsidennnudiuniy
LUUTR HYMsRdBUmNNFUMULs R aduUsnusesse Tngldialamaasuieunystasdivie SHIMADZU fu
AG-X 50 kN #iA2131153 2.0 mm/min

2.5 MylAszituasUsENeUUS IS e e

dmsutumeumsliasziduasuszneuuinasessotu awhiunuiihunsmegeusudunuLs s
deushnsiiessiduasusznevuiinusesse tneldndesnanssaididnasounuudeinin (Scanning
Electron Microscopy: SEM) 8%e ThermoFisher 3U Axia ChemiSEM wazIiAs181iN15nN 3821867904510 UT LI

SOURDVBITVUIIUAIY Energy-Dispersive X-ray Spectroscopy (EDS) ﬁ;u Axia ChemiSEM

3. HAN1INARBILATAAUTIENG
3.1 HANTNARBIYBUAIUAIUNTULUULA
WHI9INNITNARDUT DUAUAUMIURUUIATDIT WY TATUUNIIINITnAaeuANRdssIusN

o w Al

50868 MYNITNAADUAIUAIUNIULSIAULEDULALLNTDUAT IAINNITNAFBULIVININITIASIZILABEITUII UL

U
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N9IATelaTIasganIALazdua1sUsEnoUdelane USINT 0o ve Uy IAENANTNARDUAIAINAIUNTY
WIIAUDRUNARIAINNTIEN 4
NNITNAGBUAIANUAIUNIULTFAAR DU NUIAIANUAUMIULTIR G ouRdeganvasiadineIagy
4327.921 N Ainszualnifin 12500 A wagdmiviade AMNNAUMuLsIRLdeuRdsganog?l 4534.654 N
nszualnii 12500 A Tng53uUINTSH0UANUAUNTULUUNEHR WAANUATUNUL SR AR UNEINIINTTRUKUY

fadiienfinszualuihilvidy duandumsned 4 wargui 1-3 Fafunsliisnisdeseuiumunuuiade
(Double-Pulse) ﬁLLu’ﬂﬁuﬁ%‘Lﬁmmmé}'ﬂumuumﬁnLaaum?{aﬁqqmwLLUUﬁaﬁLﬁm (Single Pulse) pgnauiiuledn
Tnswaweiinszualnilh 12500 A
NNMTAIATIZRBYENaTesNTTUIUNM TBNA I UUL R TE I amEnNndAnuuTsusge SPFHT80
wazargiiflounay 5052 wuinisdnenseualiihuuuiade (Double-Pulse) dewalvidussindouainituuuiad
e ilesainnalnnstienssualiiiuuuiadiudisauauipgdnsaudousarannisazauaiufoudauiu
USnasessioldednaiussaniam dwaldanunsasinnisiesaivinvestuasussneudslany wula Fe Al
way FeAl, [14, 18] ﬁﬁmmLﬂmzqﬂﬁﬁmmwmﬁmmzau Turagiinsfinsziunseuali-lunisidendna
Imamiam'amiLﬁ'uwﬁmumm%ummﬂgmaqga%aﬂizﬁﬂﬁﬁmmwaamazmEJLLazmsLﬁ'mmmaaﬁfﬂLﬁm‘ﬁ'auﬁw
T uAlduusafinty dwalises donaunsasesiunsaBanaldity uazdmaliseadoniinnuannsalunis

AunuLsRadeuiudunusyaunseualni lnedeasanssaunseualill 12500 A

A15197 4 HANSNAFDUAIAIUATUNIULTIALEBU

faus nszud Wi (A)  vheneddd 1 () veheded 2 () Aade (N)
11000 2486.857 1802.278 2144.568

nsTUE 11500 2661.363 1811.163 2236.263

Tnfuuuwadifien (A) 12000 3612.606 3822.366 3717.486

12500 4522.753 4133.089 4327.921
11000 4048.482 4058.003 4053.243

nsTUE 11500 4104.456 4203.264 4153.860

Infuuuadg (A) 12000 4331.493 4369.887 4350.690

12500 4471.310 4597.998 4534.654
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5000 PEPEPEFS EPSTETES BT BPEPEAT S BPEPATA S BT ATAr S ATAr S ATAr BArSrAr ST Arare Sy
11000 A =2486.857 N L
11000 A = 1802278 N r
4500 ] 11500 A =2661.363 N r
s 11500 A = 1811.163 N [
e 12000 A =3612.606 N L
— =3 66 L
4000 4 S0 A i s n 3
2 12500 A = 4133.089 N F
< 3500 4 -
Q L
2 b
S 3000 4 L
= b
S b
8 2500 4 -
@ b
= 2000 a
= F
5 ;
£ 1500 4 -
1000 4 -
500 3 -
0 T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0 1.1
Displacement (mm)
a v = o ¢ a
E‘UVI 1 ANUATUNTULIIAWRADULUUNRALR YT
5000 1 1 1 1 1 1 1 1 1 1
e | 1000 A = 4048 482 N
e | 1000 A = 4058.003 N
4500  =11500 A =4104.456 N -
e | 1500 A = 4203.264 N
e 12000 A = 4331.493 N
4000 4 D0 AT atow 2
fam) 12500 A = 4597.998 N
a 3500 -
[}
2
£ 3000 4 -
B
S
S 2500 -
w
= 2000 3 a
7]
5
~ 1500 4 E
1000 F
500 o
0 T T 1 T T T T T T T
00 01 02 03 04 05 06 07 08 09 10 1.1
Displacement (mm)
a v P Il
E‘U‘VI 2 mmmumumammammuwaa@
5000 1 1 1 1 1 1 1 1
4500
4000
Z 3500
3
= 3000
it
e
S 2500 4
=
w
© 2000 3
g7
E’ 1500
1000
500 3
O -
11000 11500 12000 12500 11000 11500 12000 12500
Single Pulse -11000-12500 Double Pulse -11000-12500
Pulses and Current (A)
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3.2 lnssasaganiAvestuasUssnauuiinsosse

1nMsTaszdt lassarsanerestuasuszneuuinasessorendeganssmididnaseunuudes
N30 (SEM) U3nasessesyninamanndn SPFH780 uazeqiion 5052 dauandlugudl 4 (a)-() nuiinsld
nazualuiind 12500 A denaliiAnsosunninluduarsusznoudslans (MO) dosfignilaifiouiuszdunsudlmit
B 9 Feanansaeduieliin msunszualwihazdiadiundanuaudeulunsidouausumutuugeamundn

99998 (Joule Heating) Faazdeliiinnsileniiiy (Wetting) waztelunisunsvesezneuseninedanmnviinlvil

=

AuENysalBy Faluan1einseualndinne silindsnunnufeunlimemennailituves IMC ianisneda
wuuliseilewmsefidnvaueiinnuusggauliaiuisasiuniuaiudumada (Thermal Contraction Stress)
Tutsvesnadudald vliAnsesunn (Micro-Cracks) wsevasinsuinuseese Turaeiinszualin 12500 A Uy

ety IMC Tanusowiasaziinisdaniznianananinnseualidinan Jaieannisiinseswnnuwazadinalilamn

ANUATUN LS IRSFauNanIReulvBumunanInaaesdmsulunsfinwd

Specimens |Scanning Electron Micrograph 500X [Scanning Electron Micrograph 2000X[Scanning Electron Micrograph 6000X

Single Pulse
Current
11000 A
SPFH780
Single Pulse
Current
11500 A

SPFH780

Single Pulse

Current
12000 A
SPFH780
Single Pulse >
Current T P Sy g g B Sy
12500 A
SPFH780 SPFH780 SPFH780
Fb_How 1o ot i i % &

sUTl 4 Tassa¥aganiauinasesselunisidenmnusumuuuugesdsiadifefinssualaihlunsdeniunnsig
A (a-c): nzualuin 11000 A (d-f): nszualuiin 11500 A (g-i): nszualniin 12000 A wag (-0: nszualni
12500 A

Journal of Manufacturing and Management Technology UMMT) Vol 5, No. 1, 2026 (January - June)



— NsasaluladnIsnantasn1sInnIg
\.\. . o o S
CoReR U9l 5 auuil 1 1n31Ay - guIg 2569
N3UN 5 (a)-() Wulassadrsganiausiuseesislunis@enanudumuiuuniniadgninseualui

Tunsiweunuanmnany Inenseuatninwaduwsnilalunisaude 4000 A waznsewdliiiadnassdainsewaludin

=p.

LRNAI9AUAD 11000 A, 11500 A, 12000 A kag 12500 A ﬁm%ﬂuﬂismuma%ummﬁmmmwuqmquﬁaé

[

sadunszualniwadusniwinidu “Wadnszduilamin” (Activation Pulse) Inedfinalandnfenisvinanedu

=) 3D

auezgiilleueanlyn ALO, vuRmthevaiilleunas 5052 %ﬂ%uﬂémasqﬁLﬁauaaﬂl%ﬁ ALO; HAUTUILIULAY
flaavaeuvangann (Usvana 2050 °0) Ssvhmiifiduaualaih fedunseudlafihfadusnd 4000 A Faduszéy
ﬂﬁzLLﬁlWﬂﬂﬁlﬂig_jwuﬁﬂﬁLﬁmmwaauazm&lﬁa&mﬁqwm %a%’wmm%’aumwwzqmﬁﬁnmiaw{a Fapudoud
szslfAneuAuiissannsvnesmennuteuiiuansstusewineenleduasiielavy dwalidusenlodiin

v v o

nsuaninuayvanasnesnin shlianimthlansfiazenuazdudadulilaonss vieadusntivaneusumiy
&uita (Contact Resistance) liiasiuazasiiane wiewiufsmiuiiduiariazornsynidlaveieiintuld
Tugrasuduresnisidon anudunududa (Contact Resistance) axd i uniugsun minld
nszualwihgdluiuiuuuiadifenassiliiAanisensa mssein wiensnssiuredansiivaeuld fadumsld
Wadusnil 4000 A aztaeliness anruiumududalimauazaiaverhuinasesde dadunmanieuaiy
wiouliitunisinavesnssualwitluiadfiaosifidnganin sihlimasidaenufeuluiadndnvionadaestiuiinn

WEResIU kardnusensuilanisianininduauluwadusnazdielilanevasuainilieraiiflovaunsadeniing

U

P
P !

(Wetting) Vuilamdnl#Adu wagdronsedunisuns (Diffusion) veserneuszning Fe uay Al lsgrsiiszanaam
wndudloldfundsnuaniadiiaes dmaliiussmadangiveudausay auldaauiununssdiadouiias
fgeluitouly 12500 A

uenanitadusnazdieifingamgiivestunuligalussduniluds avdmalfnumiles (Ductility) vo9
Saquiutude uazdelifdudawuainiuldfidumelfusinavesdiininin (Electrode Force) nsfifnduda
uuvainnouduiadiiaes wwdiemuauniafvlaves Sumstszneuddanlifianuaiianeuazanlonanisin

seauAn31 (Cracks) luduwas IMC 1 Fauandlugud 5 (a-0
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Specimens

Scanning Electron Micrograph 500X

Double Pulse

Double Pulse
Current
12000 A

Al5052

SPFH780

Double Pulse
Current
12500 A

0

SPFH780

Current

11000 A

SPFH780 SPFH780 |

3
Al5052
Double Pulse

Current

11500 A

SPFH780 SPFH780

Scanning Electron Micrograph 2000X

Scanning Electron Micrograph 6000X]

Ui 5 Tassadsqaniauinasesselunsidenmusumuuuuissiniadgiinssualwitlunisdeniiunnsaiu
(a-c): nszualnin 11000 A (d-f): nszualnil 11500 A (g-i): nszualnn 12000 A waz (-1): nszudlniih 12500

A
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NNNFIATIILALUSBULBUBIAUSEN DU ANV ITUAITUTENOULTILaTL I TRUR BAILARNS bUAIS19T 5

waz3UN 6-7 (@-1) nunmisldnszualiln 11000 A uaz 12500 A wuuadinelinadwsiuand1aiuegedniay

Taanszwaliiln 11000 A WUNISNBAIVDITIYLANS1ILALAIUNUIVBITUAISUTENOULT AN USIUSREM BTN bil

asiaue Tuvaeinszualndn 12500 A Tinansi@euiinninazudausnin Ineliduansuseneuldaanssiin FeAl,

fafegweollesuwazauysal Ysaenndosiumunisosnanssylukunnaunamavedavenauaswlin (Binary

Alloy Phase Diagram) w84 FeAl [19] wavdonadaaiun1snszatefivaana (Phase Mapping) fikanian1snszaies

¥83570) Fe way Al agnadudunazaianoluusinuseeon dus Mn wag Mg §3a9in13n5818fuIug

warlildiiduesduszneundnuestumaniintuluiassaning wenaind INFUNITIATIZANISNSEANERIVDIS

(EDS Mapping) a8iuduinnisnszatedivedss Al uaz Fe ussdusenaundnvasnanina1s Tusaesiivunaues

Mn way Mg nasudrsunadndostuldladunumdrdglunsadislassairwesduansusenoudslans Avsiau

R0

Specimen EDS Point Analysis (6000X) EDS Mapping

EDS Mapping (Fe)

Single Pulse
Current
11000 A

SPFH780

20 pm —- o 20 pm —

SPFH780

SPFH780

20 pm —

Phase Mapping Phase Mapping

Phase Mapping

SPFH780

s w i ox A a

0 osmm soox

20 ym —

e D

SPFH780

F——"20 jim ==

3U# 6 MTIATNNITNTEABFIVBE0)

Y

(EDS Mapping) kazn13nszanefvadna (Phase Mapping) (a): finlius

MTIATWILUURA (b): TIN5MAILTT EDS Mapping (©): Fe (d): Mn (e): AL (): Mg (g): N333UN1INTLLAIVEN

e (Phase Mapping) (h): & AL (i):

Wa Fe
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EDS Mapping EDS Mapping (Fe)

= 0jin rm pot | WD | mag 1| der | mode =
i i i samm | Su A

EDS Mapping (Al) EDS Mapping (Mg)

Single Pulse
Current
12500 A

SPFH780 SPFH780

=20 pm = o 20 pm —

SPFH780

20 pm —

Phase Mapping Phase Mapping Phase Mapping

Al5052

SPFH780 SPFH780

20 ym —

B now i sem

(EDS Mapping) kagn13nszanadivasna (Phase Mapping) (a): finlkvus

31]1'7; 7 NMTIATANIINTENLAIVBITI
NFATILRUURA (b): 5IU5I99LTS EDS Mapping (©): Fe (d): Mn (e): Al (: Mg (g): N353UN3N52A8FIVeN
e (Phase Mapping) (h): e Al (i): W& Fe

a ¢ s ~ & a a | Ay v o &1
INNTIATITRRIAUTENEUNLAT TRt uasUsEno Ul lanz US nauseasof ldnssualwiluuuiade
(Double Pulse Current) Ingldnszualiln 11000 wag 12500 A dsuanslunsneil 5 uazsuit 8-9 (a-1) nuindu
a1sUsenoulslaneinemduinseualninlglun1si@ens 11000 A e FeAl, Turuzfinseualnin 12500 A wu

N13NefIves FeAls Fedanndasiumuniseaanssyuluununnaunamlavedaenauasyila veq Fe-Al lng

a

nszvIuNSWeNLuuNadaliuTngsesunninluiiassanizvesnisUdesnseualii uazdwmalvlasossenien

AMUATUVIULSIRUTIUFINTINITRURUUNAAN Y dOAARBINUNANITILATIENER (EDS Mapping) kagn135ey
wia (Phase Mapping) Ikanen1sns¥NeMvesss Fe kag Al agradudunasaiiaienasniuisositon Tuvue
o N v My & I3 Y] ] A a X &

519 Mn uay Mg fsnsiinisnsyrediiiuiunaaglilaluesiuseneundnvestumaninvulunsaesaniie

Weninsananuduiusigeinseninegluuunisdrenseualniuasnginssunisnesivestuasuseneu

a a

Walave 31nteyalunisedt 5 nudnguuuunseualiiiuvuiadaiiuszdnsamlunisdnnisiginsaiuson
(Thermal cycle management) Mini13Uwuuadin el Inenalnvesiadedieaiuaunisasauaiusouduiu

U3huseuse dwnalinsunsvatesnoussninumianuazevgiidondmiualnauenniu n1sruauausouse

' o

SuteIiaNTAUlnveANaTUTIZUN 19U FeAl kay FeAl, Wagluseiuanumuniimvsngauuwaziniusioliies

D
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¥UNVBIEN
907 1 09 2 0% 3 ¥ 4
at% at% at% at%
Al 65.05 65.35 65.05 64.6
Fe 34.95 34.25 34.95 35.00
Mn - 0.40 - 0.40
Mg - - -
Possible
FeAlZ FeAlz FeAlz FeAlZ
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¥UNVBIEN o o o o
a9 1 09 2 09 3 09 4
at% at% at% at%
Al 68.65 65.40 64.60 65.20
Fe 29.35 34.60 35.00 34.80

Mn 0.40 - 0.40 -

Mg 1.60 - - -

Possible
FezAL5 FeAlZ FeAlZ FeAlZ
Phase

aeAUsENEUMNAIATveITuA1sUSENaULBlaneidumenne g vasduauldnssusaluia 11000 A wliawadg (5U7 8(a)

Al 68.95 66.25 66.20 68.20
Fe 28.95 33.35 33.80 31.50
Mn 0.40 0.40 - 0.30
Mg 1.70 - - -
Possible
FezAL5 FeAlz FeAlz FeAlz
Phase

asAUTENaUMAIATIvasTUasUTENa LT laneidunlennee vasdunuildnssualniin 12500 A siianadg (5UN 9(a))

Al 68.80 67.30 66.85 70.95
Fe 29.10 32.30 32.75 28.45
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Mg 1.70 - - 0.30
Possible
FezAL5 FeAlZ FeAlZ FeAlg,
Phase
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Google Drive nelinsnsivaeuvaadming wathanasdu 1.60 + 0.06 wiiseatu (t = 43.9, p < 0.001)
Retrieval Time ana91n 22.5 = 4.5 Wiy 0.4 + 0.1 wift (t = 26.9, p < 0.001) wag PCE wisdudosay 95.6
@13 Error Rate linudeiananalungudiegnamaausulse udna Fisher’s Exact Test §ifn p = 0.062 39518471
unualfunsanas ldldwafifideddniisedu 0.05 mllensiasvgmaninuinsendadununaléivssunn
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Abstract

This study aims to improve the labor skills certificate management process in a case-study testing

center by integrating Lean Office, process engineering, and an Al-Assisted Workflow with Google Workspace.

A before—and-after case study was conducted using value stream mapping and ECRS. Time measurements

were collected from the same set of 30 certificates, whereas data—error checks covered 95 certificates

before improvement and 30 certificates after improvement. The main indicators were lead time, process

cycle efficiency, retrieval time, and error rate. The original 6-step process required 4.00 + 0.30 min/certificate

and yielded a PCE of 37.5%. The improved 5-step process used Google Apps Script to create hyperlinks to

-+

PDF files stored in Google Drive, with staff verification retained. Lead time decreased to 1.60 + 0.06
min/certificate (t = 43.9, p < 0.001), retrieval time decreased from 22.5 + 4.5 min to 0.4 + 0.1 min (t = 26.9,
p < 0.001), and PCE increased to 95.6%. No data error was observed in the post-improvement sample;
however, Fisher’s Exact Test yielded p = 0.062, so the error-rate result is interpreted as a decreasing
tendency rather than statistical significance at the 0.05 level. The economic analysis indicated an annual
time-cost saving of approximately 7,981 THB and a payback period of about four months. The findings
suggest that a low—cost digital workflow can reduce retrieval time and redundant clerical work in certificate-

based document management.

Keywords: Lean Office, Process Engineering, Artificial Intelligence, Certificate Management, Google

Workspace
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o

aunnImsunadised
PCE = (VA Time / Total Lead Time) x 100 (1)

2.2 8NN3 ECRS LagifINIsunssuIuNg

Barnes [10] léfmuandnns ECRS wieifunseudmiunmsuiusiimevihanulumimnssugnaimns
Feusznausae (1) nsadananssudildfinanusidu Eliminate) (2) nMssauianssudigrdeu (Combine) (3) N3
Sadsutupoulmifioannissenss (Rearrange) uay (4) MsanAmuUdeuvasiznsTny (Simplify) 911338904
Wongthong et al. [6] #ilsUszendlindnnis ECRS Tunszuaunsdananadin wuiannsnaaainisitnuldds
Yovaz 9.5 Ineflgadumuifios 7 Ju fuandifufvssansnmeeedosilodluiungpamnssuvadingadis

FoLAU
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23 mﬁmiwﬁmm@uaxwa (Cause & Effect Analysis)
ishikawa Diagram 38 Fishbone Diagram \funilsluia3eaile 7 QC Tools Aldszynazinnguavgves
Ygymmuman aM (Man, Machine, Method, Material) [11] n193tA312%678 Why-Why Analysis agt281a1zanis
i wesilym (Root Cause) Aeunsesniuumasnisudle fudutuneuddnlunsyuiums ECRS wieldiile
TINFVTALALNTTINAINTTUTMAHANIIAINTTUTBISY
2.4 Al-Mediated Process Improvement gz Claude Cowork
Autor [7] 831871 Ugyguszdugidnoningdlunismaununuildanudauazidnvaziiuiaing
(Routine Cognitive Tasks) lusazuywdannsaiulusjsdunuiianududouuarlalyfiaing (Non-Routine
Tasks) léanntu luudundl Claude Cowork Sudufaedaaios (Al Assistant) foonuuusndmsunsyinnusauiy
Google Workspace [8] F et anfiunuind 1A lun15as1adn1muwIng oun 159193 A uTenI19uy v uay
UyayrUsedwg (Human-Al Collaboration) Iae Claude Cowork a1115aatdun15dLd19eya (Upload) 90
vsnemyuazaiagadonles (Hyperlink) Tilaesnlusifniu Google Apps Script ﬂixmumiﬁﬁhﬂmﬁ’ﬂmquytﬁﬂ

Usztan”anunlidldld” 39 Tapping and Shuker [3] szyindunnuagdeiiuiloldenfianlunuddneu

3. FAnliun1side
3.1 mﬁmi’wﬁﬂizmumiﬂjﬁ]ﬁ;ﬁu (Current State Analysis)
nsideiidunsdAnuinounasmdani1susuuss (before-and-after case study) Tuanmuandennis
MUl wesqugnaaaunsaldnyn aued33eldn1s@nwisuuagiian (Time Study) 338U VSM, Fishbone
Diagram wazECRS LiieRAT1einszuiunIsiukaresnwuunsyuaunistud msianaiuasiatlunsduduld
onansgmieafusiuau 30 atu ereuwandsulge itelimnzautumsld Paired t-test dunisussidiu
Error Rate Td9ayanauuiulse 95 atudaunduuasnasusuuse 30 atulunisnaaaussuy 390A51e9a0e Fisher’s

Exact Testillosannidudeyadndiunazawinnguliauna

2
z-s\2  (1.96%0.30
n=(—) =|—— | = 958U 2)
0.05 x 3.96

$runuseuntstunagnimusannsdaunadeafu 10 sou meldseduamnudetudesas 95 wage
AuAaaLnd sufisausulddesas 5 duwanduaunisii (2) :nANounmaswads 3.96 uiikazdrudsauy
1msg1U 0.30 Wi shlsimuaseunistaass 30 5o SennnduautusiifidualdgTunaAeduioRau
fAdeluanuiiviinuats nelddunounu wnsgiunmsdedolnd wasgaenanfefuiiioananuulsusauain
ATIIUANATRsaNas adimsdunandu Self-Time Study Ssseylfifudeditadunnuiudaszveaidune

uon9nd Iddiamedemnugadoniundn av Tdun duyaaing (Man) Fugunsniuazssuu (Machine)
FuATsUG TR (Method) wagsuiaguazionans (Materia) sauansluguil 1 nan1siasigsinuindiu
Method tuanuguan laun nsanedn wa (0.5 wiii/atu) msdadiivuiunienin (1.0 wiii/atu) wasnisleu
nzidouuinedie (0.5 uil/ati) 33 NVA = 2.00 wiil/atiu mamsteseiiifidugiluniseonuuy ECRS e

VIPFUNALARUTENTDE19M TN

Journal of Manufacturing and Management Technology UMMT) Vol 5, No. 1, 2026 (January — June)

2.

s



MMY

Machine(iA504ii)
gunsaliazszuy

Taifiszuuidnea
datiuienans
insaalSualdsuiu

TaifivAeane/dn

& v o
YU iunsdaiy

LoN&aT

Man(Au)
NIWYINTUYWE

VINNIATT U
QYRR IVORRHT!
ninwAdneam
voud i
5UIAUTNY
auiiFuazasy

M58 ALUlAENSHANLAZNNTINNIS

U4 5 avuil 1 un3rms - dquien 2569

v v 2
mmﬂm‘s'lum':mqmu

mnaaeuiliioussald

anudnun
Tdannu

Uounzivunudisiio
Tdannu

Taifiunsgu
nsaatalua/u

Auatunszaiy
\ABagame/nse

AunuiunienIn unlaliifiszuu
Tganu Tdinan 5.0 wnii/ativ
Method(35n153) Material (7af)
ASANTUNTS lengasuazLny

nawuiiuly

JUN 1 anvguazravasrugydelunssuiunisdanmmilidesusesnsguililenseau (Fishbone Diagram)

VA

(a) ATEUIUNITANLAN

VA

1 3nGemiieiuses | = 20mABUANGNABY C=> | 3w - vife

CT=1.00

VA

CT=0.50 CT=0.50

namﬁuqméﬂ (VA) = 1.50 Wi

ayunanhsn = 4.00 ni/aty

NVA

NVA

0 -
= admivduulauwdy = Suzloug

CT=1.00

NVA

(b) N5EUUNIS UL

NVA NNVA

= 6A5I9dBUATIIGNABY
Uaumpile

CT=0.50 CT=0.50

nanlaufinama (NVA) = 2.00 il

(NNVA) = 0.50 un¥i
NNVA

UsganSamsaunszuIunis (Process Cycle Efficiency : PCE =37.5 %

(]

[

[

Al
4.Claude Cowor

NNVA

1inGyamlsdaiuses 2ATINARUANGNARN Saunni - s (AFAuto) 5. aTITERUAILYAADY
— — nAana 30 atu|—> yAaea 30 atu
CT=1.00 CT=0.50 CT=0.03 C1=0.07 CT=0.03
| VA nm‘lﬂt'ﬁuﬂmﬁw (NVA) = 0.07 w1l
naiuRme (VA) = 1.53 Ui Al (NNVA) = 0.03 u

NNVA

[ asUanamisw = 1.60 wiii/adu

U3zaNSAM3DUNTEUIUN3 (Process Cycle Efficiency : PCE = 95.6 %

Y

U 2 Value Stream Map (a) nszuumMsaady (b) nsvuiunsinl

q

SUM 2 wansn1siUssuiisun1sitasizianusisaaan (Value Stream Map) S8#119058UUNNTA LAY

(Current State) waznszuaunsw (Future State) lnafiansannannurian (Timeline) vaautsasfanssukenuseiny

VA uag NVA #3auan51au3euiiigu KPl auane JU 2 (a) nszuiun1siiiy 6 Tumeu PCE Sogag 37.5 anaunie

5 umoulu Future State (b)IﬂEJ NVA ana9u1nn31508ag 96 LA 8l 89A1UNRUI991NN1TUTEUIANAVD

s

UgyayrUsz@vs (Al Processin

<]

g Delay) Uszanay 0.07 wniisieatu (A1MINAINKIAT 2 WisenguAde Msade 30

adv) Usgnauiunainsiaaauwuungyl (Batch Check) Usesnas 0.03 wiiisieatu (1 wadisie batch + 30 atu) @

dadufanssuiiliifiunuauasndu (NNVA)
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3.2 N3ORNLUUNTZUIUNTIANAIBNEANNTT ECRS

PNUAMTIATIEUNUYTANIAUAZHATUFUN 1 wasunudsanessaumanmiagdulugun 2 ) §Iduld

Wnesnuuvanmiinavislusuian (Future State) IngUszgndldnannisanauaayiuan (ECRS) aadl (1) N3

P v =y

93 (Eliminate) lawn n1svdndunaunisdumuiiy nstuiinayanzideunudieile uasnsdusu-dusnans (2)

q

A15973% (Combine) LAkA N15TIUTUADUNITATIVFBULALAISUUTNNT LA By luTumDULR 8N 1USEUU Claude

Y Y

Cowork (3) msdnaaulug (Rearrange) loun n1susulasuaaulinisaunuuazeUluanlndiindunounisaaeu
nansiuaty (@) nsanaududeu (Simplify) lawn n1simuanInsgIunsawelidienans wagnsldgluuy

(Template) ngidounuuuudnludd nadwsannsusuluneliianssuiunslvaifianadvie 5 tuneu neiiaad

=

Naf1anud1 (VA Time) Wi 1.53 inilseatu uaraunsaaniaiiliasianuen (NVA Time) aslduinnindesay

=

96 FunanLieIa1AUNLIRINNTUTERIaNATeIT Yy 1UsEAYS (Al Processing Delay) fasneazidaniiuandlu
U 5

@aNl

3.3 MIRAIUISZUU Claude Cowork + Google Drive
szuuldsuniseanuuulit Claude Cowork il udgredndunisnanludiunisinavesioya

o

(Information Flow) usilaivin ntihfidaduainugndesvemisdesusemieeyliAnanisnageuesAusznausyuy
Uszneude (1) Google Drive Wuituitdafiulng PDF aslassadnslitanosanunendn/sesu/Al (2) Google Sheets
\unzifouaunans wag (3) Google Apps Script WududeuledluafungiTounuriuddmie Trigger ﬁrﬁﬂﬁﬁ’amu
Sonldaru TunounssnyuesansuiUsenaudie Detect wd PDF v, Extract %aagamn‘?felﬂémmgm NSTC.[
w@it]-[3]_[Te].pdf, Match tawniadesusasiuuailu Google Sheets way Generate Hyperlink Tugalvd POF Tu

Drive nsadlanululd lainuiaanlususes isenulnagnseuuashansdn1uyling19a@auknunNSas 19890 N o m LUsl R

TWamasifafiu
F— waunisanfiusugquianasay_69_wiaulususas. xisx
— 1uSusas/
—] .pdf
— .pdf
L— ... (17 'IWd) |

5UN 3 lassasdlnlawmeslu Google Drive uagnsnstolndunnsgu

31n3U7 3 wandlassadiliamesaselussuunasguuuunisaselnduinsgiu Jeuaelv Apps Script
Aumuazdug diuavilususedunesifounuldogrnduszuu Junsunisfndsuuadu 4 Juneu ldun (1)

sulnanlnawnes “lususesitunisvaaeu” Jug Goosle Drive (2) uiatlndnzidounudu Google Sheets (3)

N Yoy

AnAY Apps Script K1Y Extensions wazAmuadvisianizUaydasuiiavey way (@) Senldmds “lddanluiuses

U

'
a

971 Drive” \fioas1e Hyperlink nasnsvemeilounuuandluzun
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LoReR U1 5 avuil 1 unv1au - Jguiend 2569
W7 wiusn B wanmsinfiunugud v, © % T '] =
e wiusn =] = whusn  wmn lesembneay ges  deys ewwnu pues  wisele  ndsusdasdoduaiuz Q (] ﬁ‘ o~
5 Cp %% TH Sarabun New ~[18 | A & === 28 E = 3] i3 I~ fw Q
T an i 2 Y e o “ . = = = | . S TR vequuidends e Ay MR msduune
‘ 1 donen B 7 U-m@ A-Q@~ = = = i reumtom g rtegdandeds msunn T e
E904 . @ fi thosastummade 1 -
A B ¢ D | 5 I G H Y z AA e
1 sudodiunmasouniasgniifoussewisnd Ussdil wa. 2569 .
== — - —
2 i Lﬂ‘ww@ﬁaiU?B{J o - ana Al LAl o o VB T | ususas
901| 14 15.60 | 78.13 | 93.73 & Ualuiusas
1
%02 15 1800 | 7787 | 9587 ) Daludusas | &
903 16 1240 | 7573 | 8813 el @
904 17 15.60 : 7813 | 9373 1 ilaluiuses 38
L2 | e 3
905 18 13.60 | 77.07 | 90.67 = Waluiuses
906 19 1360 | 7813 | 9173 | nlususes |
907 20 1320 | 7600 | 89.20 = @alufuses |
| ; 1 1 T T
908 21 16.40 | 78.67 | 95.07 Lillalufuses |
%09 22 1720 | 7893 | 9613 aludusas
910 23 1280 | 76.00 | 88.80 @l |
911/ 24 1240 | 7a.67 | 87.07 = ialuiuses ‘
912 25 1640 | 7733 | 9373 & sinlufuses
913 26 1240 | 74.13 | 86.53 & Walufuses
914 27 1240 | 787 | S027 y ilidiinas | s
K < > 3 @namiun Frudi YeAINaY ¥ I Checklist tnywr-quasse swidsruntmaasu Ul e a“n

3‘1]17'; a nzJounuluiusedlu Google Sheets wiou Hyperlink Ldesleslyid POF Swlusfi

NN3UT 4 uansegrmeidouniluiusestu Google Sheets Insdayatie-anauazazuuuiiusngluniw
Bu Mock Data ileansnnisvianuiiiu lilsdeyasiewesdidriunimeasy matufindeyauszneudsdidui
lwniadesuses Jo-ana AxuuumNg AzuUUURTR wazazuuusin wieay “Weluiuses” 7 Apps Script a319
Fulnedaludfiiiedenlosludslug PDF lu Goosle Drive HldaunsaduAulasae Ctrl + F #38 Google Sheets
Filter Inglaifioadauitunianin lususessuatudinsdaweulifirunismaaeulaense ssuudafuamzlnddida
ilensdsesuardududounds

wnInsAuAsesdeyafvualy 5 Usenis laun (1) 14 Mock Data Tunmilsgnauunanunasnsiiaue
meuen (2) Srinavsiiiddnamesuas Google Sheets lawziFuinteuanu (3) drsesdeyalvid POF uaznsidou
auuseuiietlesiunsgame (@) 1Useiinisudlauas audit log 98 Google Workspace Lilensivaautiounds
ua (5) Amungansraseulneuywdnoudweuviameunsdoya iolvinsdidunuasnadesiundnnisiunsos
foyadiuypnataranmundssannsamedoyaiuanusudu [13]

3.4 fsnsuuRaunszuunsivg (Future State Flow)

JUN 5 waneian1sufumau (Flow Diagram) vaanssuiunisiug (Future State) 119 5 Tunau nioussy

Y

o

nanskarseuunliluudaztunau adnaula (Decision Point) NdAey waraSurednanual (Legend) Nnwiin
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MM U9 5 atui] 1 un31As - dgurgu 2569
{ Wit Claude Cowork Google Workspace

nuﬁa%wamﬂ"\ (VA) Al Primary Operator Drive + Sheets

 LamFseluiusas
T guaeuarszau (1.00 i)
; VA
| 2. ATI9EAUATINGNADY
i+ deRuay (0.50 wa)
VA

Dl |
T QnARe?
14t
3. aunuiily PDF _4. Cowork: o Tvan 4 Drive + Apps Script
Searchable PDF (0.03 wafi) > +3amaawy (<0.07 wifijetiu) —> WANY + @5 Hyperlink
VA Al-Automated (NVA = 0) Sheets n:.cﬁﬂm;m
5. m579aau batch Al Cross-check
samifieu (1 wrfi/batch) I 11 ATIVANUATUNIUBR LA
NNVA (uily) NNVA (Simplified)
ﬁuqﬂnizmumi
dryanunl (Legend)
fuAaLIY <> qaandule — @Ay ----+ fiaunau | #13au
B VA — afnaman (W) ] Al-Automated — NVA = 0 B Google Workspace B NNVA

Lead Time: 1.60 un#ij/aiiu - PCE:95.6% - NVA: = 0.07 wn#i/aiiu - Error Rate: 0.0%
I

JUN 5 densuiRanunszuiumsdnnisvisdesusedileusenuuriend (Future State, 5 Tumeow)

9n3U7 5 nszuaumslual 5 Funeuntadu 2 nduauginiums i (1) Aanssuiiairsnaen (Value-
Added) BadmihfiduiumsiniFesduiuses arvasumnugndies defuatiulifiunimeaou uazaunudulnd
PDF fiseasunisdum uag (2) Aanssunisivavesteyafisuiunisseszuuiiia/A-Assisted Workflow 1éu
nsdndlid nmsdavsieany uazn1saing Hyperlink Tungieunu Google Sheets 3ansvdeulneuywddinegly

° Y

JUABUNTIVFDULDNENTUATATIFFDUANUATUNIUVIRA F9Amunvouluansindulaves Al ilanign1sdnnis

o =

Toyauaznisiveuleslnd ldlinisfusemanisnaaeunseniseusifionans
nddyresntsesnuuuiifenisiudsunissaius douanuywdlugsruudia Tnedsadiidmdad

fuiinweudanssudidesldnsdndulanazanuiviinvousoienaisiuatiu nseenuuUAINa1NTIBUENUNUM

sersnuiiainenuen nusenss uaznuUsnanateyassadnay feudignsianadsimnaluidednly

3.5 g sz avEn W (Key Performance Indicators)

AgATorvunid inUssanEnimudn 4 i wasdounaildlumsiegidsd Lead Time Aonatsm
Faussumlsdeusosaunssiedniiuniotuiinaaanysal Touch Time AonafidmiiiasioufiRauiy
loNAN5934 19U T34 M5I9A0U WazaUNY Waiting Time Aanaisevidenaniitlenansiseglnglalldgnaniiunis Al
Processing Time Aonanfiszuuuszinanaidungudidaiiosulnan dug uazaste Hyperlink lunziouny uay
Retrieval Time Aanandausii3udumianil/deluszuuaudaonans POF ldduga Md¥andnusenaude (1) Lead

Time sioadu (2) PCE muaun1s? (1) (3) Error Rate anuaun1sil (3) Ine Error vanetistayalunzileunulingaiu
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lususesduatunie Hyperlink Idaulald wag (4) Retrieval Time 31nn15dududu 30 SNt ouuaY A
UFuuse
Error Rate = (Suauenansiifidoyafianaia / Sruiuenansimuafinsagou) x 100 (3)

4. NAN1538

4.1 nsIguLiigunseuIuNIsiiY ECRS

13197 1 agunansiinsgiianssa 6 Tunsulunssuiumssady Wisuieudy 5 Tunou Tu
nszuaunsly Tneduundszianfonssudufanssuiiiiugaen (VA : Value-Added) Aanssufilsiifiunman (NVA
‘Non-Value-Added) uazAanssuiilsifinnaauagidu (NNVA : Necessary Non-Value-Added) wiesiszy ECRS
Action TlHUSUUguRAzTUREY

a

M13197 1 MIUATEvanugds (Muda) Lagna ECRS ABULAEVAINIRAMNTYUL

flanssu oy wa9 ECRS Action
1. Snissonfsdesuses (1.00 wil) Gumeuil 1 dou-nd) VA VA adld @Fasmsmsindula)
2. ATIFABUANYNADY wazdsuatulvidkunmageu (0.50 Wi VA VA adld (fesmImisdndula)
(Fumeuil 2 ou-nd)

3. dhedumdmds (0.50 Wil (Funewdl 3 dew) NVA —  Eliminate v/ — aunu
PDF unu

a. aunulildvimg 0.03 i) Fumeuit 3 nd) — VA Tnd (wnuanedun)

5. daviudunlaudty (1.00 i) (Funewit 4 dev) NVA  —  Eliminate v — Cowork
§Ulnan

6. Cowork: 8Ulvian IanuInmy + Apps Script a%wa;m%;ﬂm (Hyperlink) Tu — Al sl — Combine+Simplify

Google Sheets (2 un¥l/batch) (Fumewdl 4 i)

7. neidounudoudeiie (0.50 w1 Gunoud 5 row) NVA  —  Eliminate v/ — Apps
Script
8. A519@8y batch (1 ui/batch) (Funouft 6 Ao, Sumeuil 5 nga) NNVA  NNVA  Simplify (Al 928)

1157 1 Hamsiengiiieuifisuuandliiiuismsasuulanddasaiismenszuiunsegis
daau Tnenszurunsduiiifanssuliifiunue (\VA) udega 3 Sunoundn Tiud mstediun msdafuudy
wazmstioudayadeile dgnudauasmurudessuuilyanussivg dmalisuautunousuanasmin 6 sunou
Wi 5 tunou

Usgifiudfgyainnmsitaneifie Aanssudsziam NVA manenw gruvuiideianssufiaiisna (VA)
LUUATSTA LU nsaunuldfisesiunisdum (Searchable PDF) Tuwazflanszauduiinteyauarairegaidenles
(Hyperlink) gnlougelugassuuussutanadnlusi@ (A-Automated) siavun #aa1nn1sUszgndld ECRS 4 1Ty
Hadevdniivillinani (Lead Time) anasegnainnsglanlunansvaaeuidsuiinassozdnll Jsaonades fu

WANNTT Lean M3faitiun1svdnanududoureinssuiuns

Journal of Manufacturing and Management Technology UMMT) Vol 5, No. 1, 2026 (January — June)

o
~N



— sanswalulagnIsnanazn1sInnIg
]\\ ; T4 5 avvii 1 unsreu - dquien 2569

4.2 waawsideusunad (KPI Results)

AN5197 2 wanananisTa KPl e 4 fad3m MuSeuiisuadoutasndenisuinssuy Claude Cowork +

Google Drive WUlga5slun1smaaeu 30 sou nelanudeiy 95%

A13197 2 a3UNa KPI fauuasndin1siaiunszuu Claude Cowork + Google Drive

KPI fioy ne A (n3wWisuuUasnou-unds)
Lead Time (wii/ativ) 4.00 + 0.30 1.60 + 0.06 1 60.0%*
PCE (%) 37.5 95.6 1 58.1 pp
Error Rate (%) [n=95/30] 4.2 0.0 Linudeiianaandsusuuget
Retrieval Time (w17) 15-30 <05 1 98.229%*
Sruaudumou 6 5 l 16.7%
VA Time (unil/atiu) 150 153 +0.03 (Wi Awnw)
NVA Time (wn¥l/adu) 2.00 ~ 0.07+ ANUYANINTIU

nngwma: A mnefnswasuulasneu-mas; * Paired t—test p < 0.001; T Fisher’s Exact Test p = 0.062 Fes1sanudunualiiunis

anad lﬁiﬂiﬁaﬁwﬁmﬁszﬁu 0.05; # Al Processing Time = 2 W1¥i/batch + 30 = 0.067 w1i/atu

9599 2 HanTeTERUT BRI d TaUssAnEamwuinnanth (Lead Time) anasan 4.00 +
0.30 ufireatu wde 1.60 + 0.06 unfideatu amedl PCE Wiinandovay 37.5 1usevas 95.6 dudnwel A Tu
39N nUasuulasieu-ndnsuiulgs neAanasuansdisgnasawarA Ll nTuuansiegnATIY

uaNINH Retrieval Time QﬂLLamLflum'ﬁLa?{aLLazéauLﬁ&NLuummgmmzmﬁiﬁu Lisrsauamgdiaam
TnBanasann 22.5 + 4.5 wiit 18w 0.4 + 0.1 wdidenss dau Error Rate 899 4.2% 1T 0.0% Tunqusedimds
UFuUse uinsAANABsiiansansIuiuNa Fisher's Exact Test Tumn971971 3 130991061 p = 0.062 fegandnseau
HedAgy 0.05

n3MIARDU Paired t-test Aiunisfudoyaan 30 gainenaisyauieaiu s Lead Time uag Retrieval
Time FamuauAMILUTUTINIINANNLANAsaaenasidluszdumils A1 effect size dmiutoyadugsenuiu
Cohen’s d_z @4fuimua1n t/vn 1ag Lead Time i d_z = 8.02 uag Retrieval Time il d_z = 4.91 LannanIzNy
BeufoRnisvuelvgiann vl mssundiseudesiu 95% Tunised 3 rvdernaie drudsavuinasgu

wag n = 30 Menuludeyasse
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Lead time Retrieval time

_— T = 254

© 1 b

o] =5

= o

£ 5 @ 20 J_

5 E

£ % 15 -

E 5] E

@ =]

E 5 107

2 g

21 =

g g 5

0 T 0 T T
Before After Before After

UM 6 nsliUeuiiisuAafieneulasnasUulsamsau eror bar (+SD) v84 Lead Time Uae Retrieval Time
M1397 3 haRsNaNISVIRdRUANNAIUNaRRveuday KPI lagld Paired t-test dmsudayaiian (n =
30

f) Uag Fisher’s Exact Test @3 Error Rate (fow n = 95, ¥4 n = 30) MUAIGY
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Abstract

Supply chain transparency is essential in creating trust, traceability and accountability in today’s
global and distributed supply chains. The traditional supply chain management platforms are not
transparent, have no data repository, and are subject to manipulation by auditors with time—-consuming
audit procedures. The study identifies the nature of blockchain technology for enhancing transparency in
supply chains through decentralizing data sharing, access to data and effective consent mechanisms. A
controlled blockchain system was designed and tried with a kind of fake data of 50,000 data transactions
in five functional phases of the supply chain. It analysed the performance of Proof of work (PoW), Proof of
Stake (PoS), Practical Byzantine Fault Tolerance (PBFT) and Merkle tree based verification, in a practical way.
The findings show that compared to PoW, PBFT has a much better latency of transactions by a margin of
90 ms and throughput of 300 transactions per second; in contrast, PoW has 950 ms and 15 transactions per
second. The Merkle Tree verification also implemented greater transparency as accuracy rate in traceability
was enhanced to 99.8% and also decreased the time taken on auditing to 12 seconds per product which
was a cut in over 90 percent time in the current supply chain systems. Experiments on fault tolerance
revealed that PBFT could achieve ledger consistency even in the presence of a faulty node count in up to
33% of the nodes. Altogether, the results prove that the blockchain-based supply chain systems can
significantly enhance the transparency, traceability, and effectiveness of audit measures and can be non-

neglectable in an actual enterprise and regulatory context.

Keywords: Blockchain, Supply Chain Transparency, Traceability, Consensus Algorithms, Distributed Ledger
Technology

1. Introduction

With a world economy that is becoming more globalized and interconnected, supply chains have
become more complicated, thus having a variety of stakeholders located in various regions worldwide.
Although such complexity makes it efficient and scalable, it also creates a lot of issues concerning
transparency, traceability, data integrity, and trust. The conventional supply chain management systems are
highly centralized and rely on the disintegrated information exchange between manufacturers, suppliers,

logistics companies, and retailers. These systems are susceptible to manipulation of data, have no real-
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time visibility and it becomes hard to trace the source, flow and processing of goods at different points in
the supply chain lifecycle [1]. The implications of these restrictions are severe such as alternatives of fake
goods, unethical sourcing, and non-compliance with regulations, as well as decreased consumer
confidence. The blockchain technology has developed as an innovative solution that can help overcome
such issues by integrating transparent and secure and intrusion—free data sharing through the supply chains.
Blockchain is a distributed registry, and its operations include storing the transactions in blocks, which are
unchangeable and validated via consensus mechanisms [2]. This decentralized architecture is such that no
central authority is required and at the same time all such participants who have permission to do so have
access to one, common, and reliable version of supply chain data. Consequently, blockchain would increase
the visibility in the end-to-end, strengthen the accountability of the stakeholders, and allow things to be
tracked at any given time, as lateral visibility of goods on their way to destination [3]. Moreover, business
operations, including payments, compliance control, and quality control on the basis of preset regulations,
are automated with the use of smart contracts in blockchain-based supply chains. This saves on the amount
of manual intervention, minimises errors and enhances operation efficiency. Blockchain technology is also
supporting sustainability efforts by providing transparent product history and tracking, as well as ethical and
regulatory audits. As a result, the transparency of supply chain brought about by blockchain technology
has attracted both academic and industrial attention as a means to build resilient, trusted, efficient supply

chain ecosystems.

2. Related Works

The problem of improvement of blockchain technology in the context of increasing transparency,
security and sustainability in different supply chain environments has been studied in detail in recent years.
Jimenez—Castillo, et al. [15] proposed blockchain as a governance system of ecologically sustainable supply
chain management by studying the related use case. In their work, they demonstrate the benefits resulting
from use of immutable ledgers and decentralized control structures which increase accountability, limit
opportunistic behavior, and assist in environmental compliance. The paper highlights governance
transparency as an essential enabler of sustainable supply chains, whilst its scope is mainly on policy and
managerial implications as opposed to evaluating their performance in the systems level. The detailed
description of the blockchain management on the security, traceability and data integrity of the supply
chain was given in the context of the article by Karaduman Ozgur and Gulsena [16]. Their results verify that
blockchain is useful in enhancing end-to-end visibility, tamper resistance but also acknowledge scalability
and interoperability as nagging problems. While the latest developments are summarized in their review,
they are not validated experimentally on consensus mechanisms for realistic workload from supply chains.
Kiu et al. [17] have talked about the factors that promote and hinder blockchain adoption in construction
supply chains. Their analysis notes transparency, trust and traceability as the key forces behind adoption

whereas cost, technical complexity and regulatory uncertainty are hindrances. The research adds insightful
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information on adoption, but it lacks quantitative results regarding the attained gains by transparency as a
result of the implementation of blockchain.

The study of Kostopoulos et al. [18] focused on outside commercial supply chains and reviewed
the works in the military sphere. They base their systematic review on the idea that blockchain enhances
secure logistics tracking, asset traceability, as well as the transparency of operations in defense operations.
Even though it is not a supply—chain-focused bit of research, their findings confirm that blockchain is strong
in high—security and multi stakeholder settings. Liu [19] was interested in the security of financial transactions
data provided by blockchain systems, and it shows enhanced effectiveness in the data integrity and fraud
resistance with the help of cryptographic tools. Although the supply chains are not specifically addressed
in this work, its security model can be applied in the transparent financial settlements and payments in the
blockchain supply chain environment. Liu and Wang [20] empirically examined the performance
implications of adopting blockchain in supply chains. In their research, they find that the adoption of
blockchain has a positive effect on the transparency of the supply chain and its performance, differently
depending on the organization and technological alignment. Though, their contribution is based on a high
degree of survey-based analysis but not on the experimentation on a system level. Ma et al. [21] assess
the usage of blockchain by consumers and discuss the impact that consumer quality preferences have on
blockchain implementation decisions. The authors conclude that transparency and verifiable and product
information are highly motivated reasons to adopt, especially in quality concerned markets.

Manuela and Ferreira [22] suggested the implementation of decentralized identity and digital twins
with blockchain to obtain verifiable product identity in agri-food supply chains. Their model goes beyond
simple traceability and provides more in-depth transparency, but the system becomes more complex.
Mulamba [23] performed systematic review on the application of blockchain in improving data security and
privacy in information systems and found it pertinent in the context of transparent data sharing. Narendra
et al. [24] and Nayal et al. [25] also applied blockchain to energy and agricultural supply chains and focused
on the advantages of sustainability and transparency. Lastly, Nofandi et al. [26] exhibited a blockchain
supply chain web-based system, which proved its practical feasibility but was not analyzed in terms of

performance.

3. Methods and Materials

The paper has embraced an experimental research design that uses blockchain solutions to assess
the role played by distributed supply chain ledger technologies to improve supply chain transparency,
traceability, and trust. The approach integrates transactional data, that is real-life based, through blockchain
network simulation, and consensus and verification algorithms that are typical in supply chain blockchain
systems [4]. The resources consist of synthetic yet realistic supply chain data, authorized blockchain

ecosystem, and four fundamental algorithms that help to ensure transparency and data integrity.
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3.1 Data Description

There are several tiers in the supply chain such as raw material suppliers, manufacturers, logistic

service providers, distributors and retailers. The transactions trace the movement and status of the products

through all stages of transportation. Attributes of the data are product ID, batch number, origin location,

timestamping, transporter ID, temperature and humidity as well as transaction hash. loT type sensor values

are also added to recreate the real time logistics monitoring. The data is recorded on-chain in hashed

varies, and descriptive statistics are stored off-chain to make sure of the scalability and privacy [5]. It is

assumed that the dataset size will be 50,000 transactions, which will be enough to examine the

performance, latency, and transparency metrics in realistic settings. Table 1 gives a summary of dataset

characteristics, which will be used in the study.

Table 1. Supply Chain Dataset Description

Parameter Description Value
Number of products Unique items tracked 1,000
Supply chain stages Supplier to retailer 5
Total transactions Blockchain records 50,000

Sensors per shipment  Environmental monitoring 3

Average block size Stored transactions 200 tx

3.2 Algorithms Used

Four algorithms are picked as they are relevant to blockchain—-based supply chain transparency,
Proof of Work (PoW), Proof of Stake (PoS), Practical Byzantine Fault Tolerance (PBFT), and Merkle Tree-
based Data Verification.

In Proof of Work (PoW), data integrity is achieved by having the nodes (miners) solve mathematical
puzzles before they can add a block. PoW offers high levels of immutability in supply chains, which ensures
that records of transactions cannot be altered [6]. It, however, causes high energy consumption and latency
and this can cut transparency in real-time. PoW is primarily used as a performance and security trade-off

metric, which can be used to evaluate other more efficient algorithms.

“Initialize difficulty
While true:
block.nonce <— random
hash «<— SHA256(block data + nonce)
If hash < difficulty target:
Broadcast block
Add block to chain

Break”
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The Proof of Stake (PoS) is evidence-based, which substitutes computation with economic staking
that is energy-intense. The validators are chosen according to their interest in the network and block
creation is accelerated and more energy efficient. PoS is also used in supply chain systems to enhance
transaction throughput, as well as to facilitate near real-time tracking, with decentralization. It makes it

especially applicable to consortium blockchains in which trusted parties are involved [7].

“Select validator based on stake
Validator proposes new block
Other validators verify block
If majority approve:

Add block to blockchain

Reward validator”

Practical Byzantine Fault Tolerance (PBFT) is permissioned and is therefore very suitable to
enterprise supply chains. PBFT enables the system to achieve consensus in case some nodes act
maliciously. It also provides low latency and high-throughput that allows product movements to be visible
as required [8]. PBFT maximizes transparency through validity of transactions as all of the authorized

participants are required to sign in on a transaction.

“Client sends request to primary
Primary broadcasts pre-prepare message
Replicas send prepare messages
If 2/3 prepares received:
Broadcast commit
If 2/3 commits received:

Execute request and add block”

To check the integrity of transactions efficiently Merkle Tree Verification is employed. Hashes on
transactions are stored in a tree format with the root hash of the transaction being the whole block. Any
change of data is detected immediately. Merkle Trees can be used in supply chains to facilitate transparent

auditing and fast verification of provenance of products without the need to reveal entire datasets [9].

“Hash all transactions
Pair hashes and hash again

Repeat until root hash obtained
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Store root hash in block header

Verify transaction by recomputing path”

3.3 Performance Evaluation

The algorithms are tested according to the performance measures concerning transparency like
transaction latency, throughput, fault tolerance, and energy efficiency. Simulated experiments are made to
compare the speed with which product data become visible to the participants and also the ability of the

system to withstand tampering or failure of a node [10].

4. Results and Analysis

4.1 Experimental Setup

The simulated environment that was used to carry out the experiments was a permissioned
blockchain where a multi-organizational supply chain network was simulated. The network has suppliers,
manufacturers, logistics companies, distributors and retailers that form blockchain nodes. Every node will
have a coordinated registry and will be engaged in validating transactions, depending on the desired
consensus algorithm. The test blockchain was implemented using 20 validator nodes and was created on
virtual environments in order to simulate the work of a real enterprise. A simulated sample of 50,000 supply
chain transactions was utilized, which is a real-life logistics process [11]. These transactions involve product
development, shipment positioning, quality, environmental sensor, delivery, etc. Every transaction was
hashed and stamped at the time of addition to the blockchain. Large metadata files were stored off-chain
and transaction hashes and verification pointers were on—chain to be scalable. Proof of Work (PoW), Proof
of Stake (PoS), Practical Byzantine Fault Tolerance (PBFT), and Merkle Tree based verification as the four
blockchain mechanisms were implemented and tested separately with the same conditions of workload.
Some of the transparency-related metrics studied were the visibility delay of a transaction, accuracy of

traceability, system throughput, fault tolerance and audit efficiency.

Journal of Manufacturing and Management Technology UMMT) Vol 5, No. 1, 2026 (January — June)

|n
o)



JMMTY

30
25

20

t-statistics

M58 ALUlAENSHANLAZNNTINNIS

U4 5 avuil 1 un3rms - dquien 2569
Hypothesis Testing Results: t-statistics and p-values

-0.8
!
\ Z
/ A
!

=4
=

p-values

-
!
.

y / 0.2
’ \\ '
/ 3 /

-0.0
H2 H3 H4 H5 H6

H7
Hypotheses.

Figure 1 “Blockchain Technology in Supply Chain Management: Enhancing Transparency and Efficiency”

4.2 Evaluation Metrics

In order to have an overall evaluation, the following metrics were put into measures:

nodes.

4.2.1 Transaction Latency: The amount of time it takes to make a transaction seen by all

4.2.2 Throughput: The amount of transactions that are done in one second.

behavior.

4.2.3 Traceability Accuracy: Capacity to reproduce product history accurately.

4.2.4 Fault Tolerance: Resilience of systems in the event of node failure/malicious

4.2.5 Audit Time: This is the time needed to check product provenance.

4.3 Experiment 1: Transaction Latency and Throughput Analysis

In the first experiment, system responsiveness was tested to increase the load of transactions. All

the consensus algorithms were experimented with between 5,000 and 50,000 transactions. PBFT was always

computational costs [12].

the lowest-latency protocol since its consensus is usually fast, whereas PoW was much bigger because of

Table 2. Latency and Throughput Comparison

Algorithm Avg. Latency (ms) Max Latency (ms) Throughput (tx/s)
Pow 950 1300 15
PoS 180 260 120
PBFT 90 140 300
Merkle Verification 20 35 1000

The findings suggest that the PBFT and Merkow-based verification would have a substantial contribution to

transparency through the provision of data in near-real-time to anyone related to the supply chain.
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Figure 2 “Blockchain in Supply Chain Market Size”

4.3 Experiment 2: Traceability and Data Integrity

In this experiment, the capability of the system to reconstruct the entire provenance of the product
was evaluated. Random audit questions were run in order to track products back to retailers. Merkle Trees
also facilitated a quick check of the integrity of transactions helped to enhance transparency and privacy

without providing the entire transaction information [13].

Table 3. Traceability Performance

Algorithm Traceability Accuracy (%) Data Tamper Detection
Pow 96.2 High
PoS 97.8 High
PBFT 99.1 Very High
Merkle Verification 99.8 Excellent

The Merkle Tree version was the most accurate and their use proved to be useful in the transparent and
verifiable auditing procedures.

4.4 Experiment 3: Fault Tolerance and Network Reliability

The controlled node failures and malicious behaviors were introduced to measure resilience.
Maximum 30 percent of nodes were switched offline or programmed to provide wrong transactions. At that,
PBFT ensured consistency of the system when not more than a third of nodes are faulty, but PoW and PoS

demonstrated once-off inconsistencies during recovery [14].
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Table 4. Fault Tolerance Evaluation

Algorithm Max Faulty Nodes (%) Ledger Consistency Recovery Time (s)
Pow 20 Medium 45
PoS 25 Medium-High 30
PBFT 33 High 12
Merkle Verification N/A High 5

PBFT was also more reliable and this is essential in having a transparent and trustworthy supply chain record
keeping.

4.5 Experiment 4: Audit Efficiency and Compliance Verification
Regulatory compliance and transparency require audit efficiency. The time to conduct provenance and
compliance records audit was measured in this experiment [27]. Blockchain auditing was compared to

conventional central databases.

Table 5. Audit Time Comparison

System Audit Time per Product (s) Manual Effort  Error Probability
Traditional SCM 180 High Medium
PoW Blockchain 65 Medium Low
PoS Blockchain 40 Low Very Low

PBFT + Merkle 12 Very Low Minimal

PBFT-merkle combination saved more than 90% of the audit time than in the case of the traditional systems

and this indicates that it is effective in verifying compliance in a transparent manner.
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4.6 Experiment 5: Comparison with Related Work
The results were assessed in relation to the performance ranges reported in recent literature
involving supply chain studies built on blockchain to put the findings in the context. Associated work usually

documents a better traceability but can be characterized by increased latency or poor scalability [28].

Table 6. Comparison with Related Work

Approach Latency (ms) Traceability Scalability Transparency Level
Traditional SCM (Related Work Avg.) 1500 Low High Low
Blockchain (PoW-based) 900 High Low Medium
Blockchain (PoS-based) 250 High Medium High
Proposed PBFT + Merkle Model 90 Very High High Very High

However, the proposed approach shows considerably lower latency, greater transparency, and
greater scalability than related work, and therefore becomes more appropriate in supporting real-world
enterprise supply chains [29]. A systematic comparison with prior studies is presented in Table 7 to highlight

the distinctive features and contributions of the proposed framework.
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Table 7. Distinctive Features and Contributions of The Proposed Framework
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Blockchain Consensus Statistical
Study Research Focus Key Limitation
Mechanism Comparison Analysis
Focused on managerial
Jimenez- Blockchain
Sustainable supply and policy implications
Castillo et governance No No
chain governance rather than system
al. [15] framework
performance
Karaduman Lacked empirical

Security, traceability,  Blockchain-based

Ozgur and No No evaluation of

and data integrity SCM review
Gulsena [16] blockchain mechanisms
Blockchain adoption
Adoption Focused on adoption
Kiu et al. [17] in construction No No
framework barriers and drivers
supply chains
Other Insufficient comparison
Traceability and Single blockchain Rarely
Blockchain Limited across consensus
transparency protocol included
SCM Studies mechanisms
Supply chain
PoW, PoS, PBFT, Addresses scalability,
Proposed transparency, Comprehensive
and Merkle Tree Yes fault tolerance, and
Study traceability, and comparison

verification audit efficiency

audit efficiency

The comparison highlights several notable gaps in the existing body of research. First, prior studies
have largely emphasized conceptual models, governance structures, and challenges related to adoption,
while offering limited large-scale experimental validation. Second, there is a lack of systematic comparative
analysis of multiple blockchain consensus mechanisms within a single, controlled supply chain setting.
Third, the combined application of cryptographic verification methods such as Merkle Trees alongside
consensus protocols has not been extensively examined empirically. Finally, rigorous statistical evaluation
of performance outcomes is largely missing in earlier work.

To address these limitations, the present study develops and empirically evaluates a blockchain-
based supply chain transparency framework using a simulated dataset of 50,000 transactions across five
operational stages. In contrast to earlier research, this study provides a structured comparison of Proof of
Work (PoW), Proof of Stake (PoS), Practical Byzantine Fault Tolerance (PBFT), and Merkle Tree-based
verification under uniform experimental conditions, supported by statistical testing.

The results indicate that the PBFT mechanism, when integrated with Merkle Tree verification,
delivers the best overall performance across key indicators, including transaction latency, throughput,
traceability accuracy, audit efficiency, and fault tolerance. Accordingly, this research advances current
knowledge by offering both empirical evidence and methodological rigor on the role of blockchain

technologies in improving supply chain transparency.
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4.7 Result Discussion

As the results of the experiment clearly indicate, blockchain technology significantly contributes to

supply chain transparency in contrast to the traditional one. PBFT along with Merkle Tree verification is

among the reviewed mechanisms, and it was always superior to PoW and PoS in terms of latency, the

accuracy of the traceability mosse, and fault tolerance compared to the mentioned methods [30]. These

enhancements directly appeal to the major transparency issues, which include the latent disclosure, data

manipulation and complicated auditing systems. Moreover, the proposed model has better performance

than the existing ones at a practicable scale. The results provide confirmation that blockchain-based

platforms that have reliable consensus and validation mechanisms can serve as a solid foundation for the

creation of a transparent, secure, and accountable supply chain management system.

5. Conclusion

The study has shown that blockchain technology offers a powerful and effective solution to
overcome the lack of transparency in the complex, multi-stakeholder settings in the supply chain. Using
the decentralized quality, the immutability and the unalterability of blockchain, the suggested architecture
will solve essential concerns of the conventional supply chain systems, such as a lack of visibility, the
alteration of data, delayed information exchange, and inefficient auditing of the conventional system. The
conducted experiment proved that blockchain—based mechanisms considerably enhance the accuracy of
traceability, the real-time availability of data, and trust between participants of the supply chain. The
comparative analysis of the consensus and verification algorithm revealed that the latencies, throughput,
fault resistance and audit efficiency of permissioned blockchain systems and, in particular, the system that
used Practical Byzantine Fault Tolerance (PBFT) and the Merkle Tree verification technique were superior
to those of traditional systems. The proposed approach can be compared with related work and its shown
higher levels of transparency and scalability along with sensible feasibility to be adopted by an enterprise.
Furthermore, the results also suggest that blockchain can enable regulatory compliance, sustainability, and
consumer trust, as it can offer traceability and auditability for the products' journey and transactions.
Overall, it could be concluded that the present paper confirms that blockchain technology is not a mere
improvement, but a promising tool to support a model of supply chain management that is clean, resolute
and responsible. The future studies can build on this research by incorporating the use of Internet of Things
streams of data, superior methods of ensuring privacy and cross chain interoperability so as to enhance

more darkness and scalability in supply chain implementation in the real world.
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Abstract
This research aimed to design and analyze the performance of an automatic mold-forming machine
for steamed Sticky Rice by integrating a pneumatic system with a Programmable Logic Controller (PLC)-

based automation system in order to increase production capacity, reduce labor requirements, and improve
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product consistency. The prototype machine was designed with a mold-forming mechanism capable of
forming three pieces per operating cycle and integrated with automatic black bean feeding and conveyor
systems. A Design of Experiment (DOE) approach was employed to investigate the effects of compression
force, forming time, and conveyor speed on product quality. The response variables included product
density, defect rate, shape uniformity, and production capacity. Experimental results revealed that the
optimal compression force ranged between 140-150 N, resulting in the highest percentage of acceptable
products at 97-98 percent The developed system achieved an average production capacity of 800-850
pieces per hour, or more than 6,400 pieces per day, with a defect rate lower than 5 percent. Furthermore,
the automated production line reduced labor requirements by more than 6 0 percent compared with the
conventional manual process. The findings demonstrate that the developed automatic mold-forming
machine has strong potential for practical implementation in traditional food industries and can significantly

enhance production efficiency and support the transformation toward smart food manufacturing systems.

Keywords: Automatic Khao Tom Mud Forming Machine, Pneumatic System, Programmable Logic Controller,

Compression Force, Production Capacity
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Aeifnguszasdifiolinnzanivmuasnnugadmeandsnulussuuyhanadu (Chiller) vog
nsyuUILNINAREsIAoUNsy Yo ilalansluusevuranis %ﬂLﬂuiwuﬁWwﬁmmgﬂqm LAy 16,042 KWh/ifiou
MnmsAnynUaEnTesnNugyiUad 2 Ussns fe maduedesidliluanmenisandeuudlifinnsiany
(idling) LLaxrmﬂﬁ”‘uﬁaqquﬁﬁmﬁuﬁwm'ﬂmﬂ%’muﬁﬁqﬁﬂﬂﬁwé’mumﬂLﬁummﬁ%ﬁu (Over Supply) §33ela
fmuALUIIUTUUTE 4 1u Usznaudae (1) Uiuifisgamgiidnifuann 10 °C i 14 °C Waonadasiunissan
(2) AAFWIUNTINNUTBIABULINTADSIIN 3 YA Wide 2 Yn (3) IaviumsgiunsuuRnu (SOP) allenisldeu
(W) wagmsBinevsuglFou (@) Aadsszuu oT WeamainuasianunislindsnunuuGealn nanisduduny
Tugrafieuunsiay — duiau 2569 wuinusunamsidlnilnondsanacae 12,085 KWh/fou visanassosay
24.6 Tnvlsidsnansynusienmuninesansindeu Anduaildsnemamdsnuitanadislngyszanm 227,923 v/

yanandninaudsladaiusiulunslansanuegrafiuse@nsandnee

'
a

AdAgy: u insenhanudy AnuggUamamdsny Bunesidnveassnds

Abstract

This research aims to analyze the causes of energy waste in a refrigeration system (chiller) used in
the metal can coating production process at a packaging manufacturing company. The chiller system was
identified as the highest energy—consuming system in the production process, with an average electricity
consumption of 16,042 kWh per month. The study identified two primary causes of energy waste: operating
the system in standby mode and setting the chilled water temperature below the requirement, resulting in
excessive energy consumption (over-supply). Based on these findings, four improvement measures were
implemented: (1) increasing the chilled water temperature from 10 °C to 14 °C to better match the actual

cooling load, (2) reducing the number of operating compressors from three units to two units, (3) establishing
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standard operating procedures (SOP), work instructions (WI), and user training programs, and (4) installing an
Internet of Things (IoT) system to measure and monitor energy consumption in real time. The
implementation results during January-March 2026 showed that the average electricity consumption
decreased to 12,085 kWh per month, representing a reduction of 24.6%, without affecting the quality of
the coating product. This resulted in an estimated annual energy cost saving of approximately 227,923 THB.

In addition, employees became more involved in promoting efficient energy use practices.

Keywords: Lean, Chiller, Energy Waste, Internet of Things (loT)
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2. JUUUUN5IRY
nMsfnuiidunuidadassgnadildiuunfnuuuiu (Lean) uinmgimanvsuastiymeanugaya
mandanu neussendldnisgadendn 16 Usenis (16 Big losses) N15tAs1eisindayyiaiuvean 4MIE uagns
ATIRUUY Why-Why Analysis wonanideldimannis CAP-Do s?jdLﬂULLNUL%Gﬂaq%éLﬁ@ﬁiﬁﬂﬁ@ULLa%LLm%
Yyn191nn15 959980U (Check), MUMI/wily (Act), 113N (Plan), UJUR (Do) $auiussuunsiainniamaeu
loT wuuidsalnal dafl 6 wuaURMERLAUA (1) e (Eiminate) (2) n1518%7 (Reuse) (3) MatUAbuuUaq
(Change) (4) nsgauuay (Repair) (5) N15aAn15199U (Reduce) (6) n1sngaldau (Stop) Fanudranunsaudla
Tymanugayiamendsnulaegnadseangam [2]
2.1 nansuaruisefiiendos
sudunfedilsuszgndldtuograunivaraidosnidunmsianisnssuunsiiedfisdaauansoly
nsudstulsiunesdnsiyatiunisidnanugayan (Waste) wazannsatunuszgndliiiioanaugaiandiu
wasnulunszuiumands Jshelmfanisldndnuegrununzauwazandununisndnanasld [3] n1sanaugy
Wammdsalaglimquinsgydendn 16 Uszns mliamdanudimzdeniiensndn (SEC) veaniesing
Electrolytic De flash and Water jet anasinde 0.66 KWh/EU [4] mi’?miwﬁmLwﬁlmquyl,ﬂdmwwﬁ'dmu
a3 AATIEsiIMEn AM1E WleUSuuzensieaasaannslindsnuvemeinesiuseldfisienas 40 5]
wena Nt Seaunsald Why-Why Anlysis iloTinszsinnugiUalunszuIuMILUNIIY WazoBnLUULAS B WL
neldnuldivinyeay FeEunsoaninainemu ansiuauniiney uaEaNAUYUNIINENLA 7,890 UW/ihau [6] N3
14 Why-Why Anlysis Aumanuiinuniiveassewundwuddaunsatilduiledgmuazananudulaemis
wdsulidh (SEEC) 16ds 2 kwh/u [7) daumsuudsstunsumsianuiiioanaugaamendsnuanusoi
wWIRAWUUAUNUSTENALY LU miammmg_jﬁgLﬂé’mwawé’amuﬁlum%ﬁm (CNO) éf’gsm’m’mLquwqmﬂ%ﬁﬂﬂu
Fraaniiliilivan uazerasanuiiseuniesinsssrinssetunuansaUssndandsenldfdesay 53 (8] uay
§aanuTONANNAIUNNTTAN TN INUAUN T LURIENe513AA (Value Stream Mapping) IngBandnnisnisuan
WU (Lean manufacturing) tiieanndsnulunszuiunisudslaiosas 50 [9] egnslsfnu msananugayiva
Mandsnunsinisnsaaevetisedos lnsaunsaiiedetodumes dwiunsinasunsldndunuaiodns
Tugnamnsauruszuy loT e lansndifaiuweundindunasnsaamuiionisiansmdsnuiaiasdnsuuy
Balnilasgneminiwaziiussansam [10]

2.2 se1d8u3sn539e

v
o

sUnuuMsAnuiliiszifeuifouuunaunay ( Mixed Methods Research) Ingldin3asiiaidodmiuiiu
foyaiifimsaeuiisunumnsgiu il
(1) idesiadnsinislua (Ultrasonic flow sensor) 81un153m 0 - 10 Wns/Aund Anuusiug) +1%
(2) w3asTandanuluiin (Power meter) 81un5¥A 150 — 600 Vac. Aausiugh £0.2% rdg. £0.1% f.s.
(3) \3estiufinFngaumgdl (Temperature Recorder) §1unnsia —50 i 1000 °C AIMWAIUEN +0.4% rdg.
2.2.1 Fmasuiun1sided 6 sumou il
(1) Anwinslndsamidunszuiunsnanuar usadoyaiofmundam
(2) Anwmquinazissunssufiotinooniuy Bmsdudumsise
(3) \uteyanslindsnurenaieswimmniulasiinssiaugyiuammdany
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(5) IinrznalUTeuiisuuTunanisidndsnundiluussasussdivanuianudilaves
WUHUSAIU
(6) aguuarTBNURadaRingITas

2.3 Myinzideyandsnuesewinuiy

'
a

nmsivdeyanisldndsnulnilunszviunswdanuinaionitanududviinanisldnugan
192,504 kWh/U Anidusesas 7.6 vesnisldndanuluivimuadedieuiuuiunamslaniilsiu we. 2567 d
wandlugun 2 mnnsiaamdnunuineiehanuduldwadlninedemiidu 53.47 kw uazldndsau 16,042

kWh/ihau

LPG.
Consumption
87,990 Kwh.

| 0.7% ‘ 0.2% | 21% [ 23% | os% | 120%
Reactor 2201 Let down 1101 Reactor 1101 Cooling pump C Chiller pump 1 Chiller pump 2
1,560 Kwh. 354 Kwh. 4,455 Kwh. 9,150 Kwh. 1,707 Kwh. 2,475 Kwh.

[ 23% [ 0.6%

Mixing 1301 Reactor 1201 Let down 2202 Chiller pump 3 Cooling tower Chiller

4,914 Kwh. 1,302 Kwh. 4,950 Kwh. 2,493 Kwh. 1,221 Kwh. 16,042Kwh.
L6% | 3% | sa% 0.3%

emeiny <fH Reactor 4701 Mixing 4301 Boiler 1 Boiler 2 Boiler 3

SB[y 6,750 Kwh. 12,189 Kwh. 696 Kwh. 833 Kwh. 2,361 Kwh.
4.4% 1%
| 2.4% | 3.7% ‘ 1.2% 0.2%
Waste Waste
i i Scrubberl Gas oven
Cooling pump B A HEEEEr T QC{;() Ki;h Scrubber? 495 Kwh
9,219 Kwh. compressor 2,550 Kwh. ’ . 2,151 Kwh. -
7,872 Kwh.
1.4% 4.2% 0.7%
Busket 02 Office Other
4,110 Kwh. 8,964 Kwh. 2,490 Kwh.
58%
Electric
Consumption
100% 123,857 Kwh.
25.8% 10.6% 45% 1%
’ @
42% Boiler 2 Boiler 1 Boiler 3 Gas oven
54,456.32 Kwh. 22,390.69 Kwh. 9,506.15 Kwh. 1,636.54 Kwh.
<

3UN 2 unudansiviavesndanu (Energy flow Diagram)
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sruuiad oshmswesuivnnsddnwildueinmunuuuvlalasiusisawes 4sdsnnsvinauves
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vhawlulvuslyangs (Full Load) uazluansi (Part Load) mudisy usineumsatseslulnuasSeuniouaslsinga
ALy uadsnslandasulvid ﬁﬁNEﬂ,ﬁLﬁfﬂﬂ’J’]EJQQJ,Lﬂalﬁﬂﬂdwé’ﬁd’]uiuﬁlﬂwmxﬂ’]iLauLﬂdﬁ‘laﬁ‘ﬁﬁi’gj (Idling) 21nN1%
n9avingumgiuniunidi-ssnvesimanasindou 2 & uansdaguil 3 wudnaTesiarududsrgamgi
WHuil 10 °C ynurTlgumgliansiadeuladueyil 91 °C uay 46 °C adegluinaminnsgiu Lwiwa&hqqmmﬁﬁ%ﬁum

Wnuagaieen (AT) danadeiiios 1.2 °C way 1.0 °C lefinrsananaunismsaiemauiou (Q = mc,AT)
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Q’ﬂﬁﬁﬁmummhjﬁmié"m%q%'ayjawmmﬂﬁﬂﬁgﬂﬁaq (Over Conditioning/Over Supply)

(@) Futan (Material) nuaduszunearufoudoniarubudosuanmsindisdisthusedu
ge hlmsuanidsuanuouanas mslvavesenalald dwalinesmsawefiinmsgaydondaay

2.4.2 wuamauAladym

AIdeladnsneianvsvesdamidag Why-Why analysis LLaméﬁ’agUﬁ' 4 §198991UNITIATIEN
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5 nudranunsaannsEndnwAsaihauEuan 16,042 KWh/ileu wide 12,085 kWh/ifeu wisanasiosas

24.6 Anudumlihflanaavinfu 18,993.6 U Aieu e 227,923 Un/d InglinsenusonunmaIsAGoUIINeN

nsnreaeulinanieansindeviiauaitliazive (Total Non-Volatile: %TNV) 3als 60.4% Tagenunnsgu

WU 58-62% wardaunsnanduyunisnaaniamdanuliildsovay 2.96 dlaisutuanluig we. 2567
st 0

weanNNIdelidnviunsgiunssunsgumgil (SOP) TautsgilomsldinuuagmaianuaseInuReszuIeAIy

Y

=

Youvoarsasviarndu (W) wagliuduusdseiuunsszuisnidounannsuiuss nuhmanansiedsansinu
unsszUIATAfauaIn 2.7 wns/Aud studu 3.3 wes/Aud mnmsiesesidulssAndaussous (Coefficient
of Performance: COP) ia3asvarnduannifuneud vy 4.15 Wleuduugsnsldnuaiesinaniuniy
wmaigAdeliinaus nuindr COP Wiy 5.4 anmsaeunuruAniuresu TR uHUNLTIT LAY
wuin fenuflenelauasfusefuuumainisuiudsaiieanmslindssmilussuuiaiesianubu Tneiuindu

WnsNsNaunsauURlaasaaslidmansenusienun MUsNEn AuTILaNTEUIUNITNER

Power Monitoring

Device Name: | 36 45.36 57.96 | 21270 | 0621
Chiller €U-1902 | Active Power (KW) | Reactive Power (Kvar) | Apparent Power (KVA) | Active Energy (KWh) | Power Factor
- o
Lastenous @ o “ Power Values:
Active Energy (Kwh)
ive Energy (Cuh) RS Voltage A-T Voltage S-T Voltage
2200 JR— - 398.1V 3978V 398.5V
— R-N Voltage $-N Voltage T-N Voltage
12 1 1 15 % it M
[— 2295V 2303V 229.9V
Time.
L1 Current L2 Current L3 Current
Time: 01011970 070000 [ ActiveEnergy: -- 81 6 A 86 4 A 85 2 A
Lastghous = (D 14 b w

Electrical Power

) 1 ) L | .
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2026 g
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Time: 23/02/2026 124718 [ ActivePower: 37.2 B

230 231 30 399 390 3 82 86 &5

3UT 5 nislindanuedehanuiu Weannoumsawesivie 2 YanuwHLY

4. d5duazrafusnena

s A a ¢

nMsfnwiliingusrasdifiolinsesiannmoseugaldamadsnulussuuedssianubuiildly
nszvuMIHAnansindeunelunszlesiialavzvesuivnnsdlinu TnsUszundliunAnuuuan (Lean) sy
ArmgaulauasimuauumsUiuUgnslindanuliivssavsamanntu anmslesgideyanslindany
wazmsUfiRauvesmiingy wuhawmrdnuesenugyidmamdinuinnnnisiegungiieieshmiuu
Andnsldanais maveuesgiuazgenisujsanunsldieiesinnubuiididaiuanudeanisves
NIEUUNTNAR Tuieanmgunsalsruiseadeuilidonanin dwalviszuuianadulindsnumnifuam
$1u uwmensuSudsaldduiunsmuvdnnisdulasiuams CAP-Do TasmsindnAanssuitlinelvifnyasn
wazUSuuginsidndsnulidenaqesiunsinuesssuy lngnislianuimunisidndsnuinninmuy n1sdnih
umsprusazgiienislisueseninimidy msandiuiunmsldauneunsages 91n 3 g e 2 ¥a uazNg
USuussanmaiuszuIsmLFeureaaianintanuiy samseudunisnuiianansnannislindsnuvesszuy
iwesvhanuduadlsl 47,484 kwh/D dwalsidunusundsnulaesmanasssunn 227,923 vm/A Taglsinseny
foRmAMENTATDU Teapnndesunuideves M. Abdul Aziz [7] wag Jia [8] uenaniidadisannisuaosfing

Asusulaoanlenannislandenulninlaussanm 28.42 diu COo/A (B9dsanadadanisuaseiigisounssani
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Uszanay 0.5986 kgCO2/kWh [11]) Asliumsuszgndlduwifndulunisdnnisnasnuanunsaiiuyseangamnisly
WA AAFUNUNMINER waranHansEnUdedwIndeuldegeliusyAnina uenantl nsfndsszuuinniunisly

waukuusEalngd (o) Sseliujiinuaunsansisgeusasaiununisidndsnulaegedeiios lnegns

Aasgvinwiliunisldndanuainnsmasianitavresssuy loT wanwraluzun 6

Lagt 8 hours ~ w @ 4 k| f:J
Electrical Power

o AR AMAAA '"}'ﬁﬂf‘iij"'i.nﬁ”" ]‘i'r'*if"i*j"\*ﬁ"""'}l' AUAAA AR s IgTaalary
IO IS0 201 002 0602 10/02 1402 1802 IN0Z  26/02 003 0603 10/03

2026
Time

Time: 23,/02/2026 124718 [ ActivePower: 372

JUN 6 nsmluwnliunisldndanuvasaiasihanudu

Pnnswinuieiddliiiadsanacan 53.47 kW wmdewies 37.2 kW uaziilothunfintanamnsaia
wuhAndssvnassIuvestdsihldannszuu whi 7.47 Gennaniesunnidleisufuaidslidiiage
voundositmuiu lnsanunainindsusmainnisinawesgunsallussuu loT wirdudesas 0.75 a1nnadwsi
Ifmunanusadaaiumstduimeminnulunsdanismdan waratvayunsiaunnislinduuegts

gafulunmgnamnysy

5. daiauauug

Usuusssruumuaulidusnlui® Wdinnsiadsssuuisueesuasmealulad IloT (ndustrial Internet of
Things) ilensiaapunszMsifnukazanugnsvhnuveaniesdnslunszuumsndaiuuisoalsl Tnsirdoya
Fananluidentuszuuliiiniseuauuuudilui® msadunisiinuveseeimsawes (Compressor Sequencing
Control) uazn13Usussgaungiiad osviauifu auanmuindeniuasuuvasnungnia welivzause
nszvrumandauariinaniuauldedauiug Taglifiennisuiudss vukuuiauuannduiofaufieg
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nUszasdiiiofnwavemivesnisaunuaudfronueaandeulunisinauiafusu
Yanorafiflon AA6063 TnevhmsiSsuiisurnansinduindesie Tauuuduia CMM Arm wnsifimesiivinnisfingn
1own Resolution 0.2, 0.6, 1 Aadwns wazA Shutter 2, 5, 8 Aaa7I U9 ?quﬂﬁﬂuﬁmezﬁmmﬁuﬁuﬁ‘ﬁ’uﬁﬂmm
aaadeulagldnisimszinisannosidadu (Regression Analysis) HANITNARBINUT1 A1 Resolution Hxase
AMuAaIAAE oustaitoddyn1eadf p-value Wiy 0.010 Taewlawfindn Resolution AedsnalwAia
aaaedeuinty Tuaisite Shutter ladfinaagnefiiodfyn1eada p-value Wity 0.221 Aissuiiuddsy 0.05
nan1sMAEBU Lack—ofFit WA p-value Wiy 0.764 wandliifiuinaunisanassfinmuduiinnumnzauuas
Unieiielunisesunemnuduiuserinemnsidime smsaunu uazAeuaaaledey Hansitasziuuninsle
Sudiuin Resolution Wuladevdnfidmasonnufianainveanisawnuanuiin vaedi Shutter lifinasgrafitudfy
aamﬁmﬁ’ué’ﬂwmsﬁuﬁamﬂsﬁaaﬂamﬁauﬂuﬁ'me‘[mqﬂwmﬁu’wﬂ?ﬁqﬁmwwmLLﬂuammijam Resolution tiu
dswalvinisadnegunsasvadinuiinumgy eu weeiuflAuinanunainedouainduufuuuy Msiesey
Response Optimization wuinAwnsfimesfiuunzaude Resolution Wiy 0.2 fadiuns way Shutter winfu 8
fladiunil FslimenuaanandoumaaUszanal 0.0099 fadllnT HaNTIATIEI Boxplot WanSN1TNTZN8TBIA
ANAAIALAA BLLAENUAAAUNR UL 9013LRRaINNTasouveIuaTinTlAs dn1IuIndeu wazAIny
NYUHIVDITan wansAnuiannsmi U Juamdumsiunmnsfiwesimneandniunsawnuanuda

Fuuezgliillen AAG063 Lilaliuauuiug lumMsingedls vienudndmnssudoundulieg1aiussdvsnm

= 1Y '3

AdAeY: NMsawnuaNiin sxgilidondansed AAG063 WsHlweTIMINEEN ANNAzIBYR Tanes

Abstract

This study aims to investigate the effects of three-dimensional (3D) scanning parameters on
dimensional measurement errors of aluminum alloy AA6063 components, with results compared against a
contact-type coordinate measuring machine (CMM) arm. The scanning parameters examined include

resolution values of 0.2, 0.6, and 1.0 mm, and shutter time values of 2, 5, and 8 ms. The relationships
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between these parameters and measurement error were analyzed using linear regression analysis. The
experimental results demonstrate that resolution has a statistically significant effect on dimensional error
(p = 0.010), with increasing resolution values leading to increased measurement errors. Conversely, shutter
time shows no statistically significant influence on measurement error (p = 0.221) at a significance level of
0.05. The lack-of-fit test yields a p-value of 0.764, confirming that the developed regression model is
adequate and reliable for describing the relationship between scanning parameters and measurement error.
Pareto chart analysis confirms that resolution is the dominant factor affecting 3D scanning error, whereas
shutter time does not exhibit a significant effect. These findings are consistent with surface reconstruction
data showing that mesh density decreases as resolution increases, resulting in geometric inaccuracies at
corners, edges, and curved surfaces relative to the reference geometry. Response optimization analysis
identifies the optimal parameter combination as 0.2 mm resolution and 8 ms shutter time, yielding a
minimum dimensional error of approximately 0.0099 mm. Boxplot analysis reveals the distribution of
measurement errors and identifies several outliers, which may be attributed to light scattering effects,
environmental conditions, and surface roughness of the aluminum material. The findings of this study
provide practical guidelines for determining appropriate scanning parameters for 3D scanning of aluminum
AA6063 components to enhance dimensional measurement accuracy and effectiveness in reverse

engineering applications.

Keywords: 3D Scanning, Aluminum Alloy AA6063, Parameter Optimization, Resolution, Shutter

1. uni

mii’mu’m%ym’luiuﬂwmumﬁmﬁmﬁm’mﬁﬁmaa'wmnm'amquuqmmw IGELPRHICOIER
YoINARS a1 LAF8S Coordinate Measuring Machine Arm (CMM Arm) Wupdesilefilsirnuusiugngs wasdesld
TunsnsraourIntuny uan1sldenu cMm Arm snldinaiuu deddyaainsiifianmdevy Smage uaed

Tav1innuANEargu lnea1uITeued Ksenia Ostrowska kagamg [1] NAnwIN1sWTeuLisuAuLiug1ves

winsinfitauvunataioustdagldluuitasmunasiveriunnseiy 3 JULuy Wisuiigutefudazuuudiaes

o A oA

niouaaueIEnmInsndeuiiianuindefiofiefusesmingnieseauuiassaiioudmiurumunuama
femsiafida Adam Ggska warame [2] Anw3sn1sdieg dwvfunisuseduanuutugnaniznureaaiesin
fifauvudens nan153deuandiiiuinidnslunuitedienvuaanuwivganizaures AACMM laegned
UsyArBnw uwasifindaruanasalumsthgunsallulfnuinfivarnvaneunniu uas Yaowei Sun nieunnis [3]
Asgitveranainveseiosinfifaforusuigramngsy 6 ssmdasziidavininld nanisvaaeamuin ATEIEHT
wnzavegfiuszna 2 1./Aund Hinesiainfuiiuinnniian wasiidefiawaingean 0.1979 uu. nsdidnwil
Prefuanunduguaziludszandld AACMM wuusalusiRlunugaamnssunndu deluagiumaluladnig
aunuatufii (3D Scanning) lé¥uamaulaifistu [4-5] esnausafudeyaiiufinvestunuldengs awnn
favuradunukulusunsuld uagdauasounqu (6] uianuusiug1veIn sALNUARAT Loy Fun1Tds
Amsdimesiifogluassdusieiu fie Resolution way Shutter usdneianililunszurundniinnamainnae

Farilin15AeAmnsIimesiianuwanasiukaluinnuwiug et luinmanuianainlunssuiunisuas
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Zainal Mukhriz uazaaug [7] Anwinstnseinnuudugivenssosawnu 3 fivwinguuindn lngldniesaunu 3
fifl GOM Il ATOS Triple Scan Tun1siarwinvesinguuiadniiitainlang lagazuSouiisunisiawuuilnaain
w3nsauny 3 45 Aunisialagldnesidesades lneRansandunulans 3 Fuiflawiauandsiude dn na

o o

wazlng) NAaNUINAIAMUAAIAAGDU LAZAITINTIADIVDIAUABIAAGDUMEIENRAs (RMSE) dauaainAdau
wanA9AuRLLIATENY WneTunuruanafianuaainaiouddn JagliiuiannudAty

YBINTHOULLY
nMawSeuituin uarn1smuaNanNLIAgEN dnenin uazdedriaveunaluladaunu 3 ff dufunuimngsui
F93n15ANALIIENZe Dorota Kustrzycka wazaai [8] Anwimsilisuiiivuanuusiugiweanin 3 fanldaniaies
aunudszinneingg wuindadediiavinadoanuutugn liun Ussianian Ussaunsalifldan medansaunu
Tnonss warlneden ufannuannsalunisvhe msaunulasnsedaruannsalunsyidnlndifssiunisauny

=]

lngdou wnnzausensUszendldlumnuiuanssuidna uazaisezgiiennsn AA6063 (Tulaneileuldagi

Re

wnsnanglunisudndudiulugnaiinssusngg [9-11] msigarunsadugdlaiey dauaudivdesiunisinnsou

Y

Umdnur - dnsthaudoud amusoaniniandenialy luilifisngusuieilvey Sauvuindu dlassadned

U9
¥

alane waziinuiimeoudaiu Sunuuulangsue) dansazioulasuszanu 60-75% Weliisuiunszania

VA o

[12-13] augiadededianuaulalunis@nuvnsiiwesimuezaslunisaunuanesailideunsn AA6063
fetiy uITeidsdnvinaresmnsdweslunmsaunuaudfsenuaataadeulunsinvuinguau

avgillfloy AA6063 aei3euifisuiunan1sinainiaTes CMM Arm

2. An15aluau

2.1 Anwdeyatlosiulunsaiiuanuide

a

HiveAnurdeya tazuidefifertesivnuaunuauiifsiuilsnisldnuaiesaunuaiuiia su

HandySCAN 700 wususi CREAFORM annuszimauawini daguil 1 {uesesdienlilunisitiunmseazidenann

@

T Tnevinnisawnu w3e iudeya waznasaintuazgndsainini esaunuuesidrlugrouiunesludnvuey

o v

anuwdey (Polygon) ndsanntuuiasdeyailu Surface uazirdeyaluasrnduiunu lnswniosazduaigosaen

U

v
o N = o

1NATBY wazsalalgasazvieuningndudiluaunuies SeduaTesnisaamdney 2 msdines Ae

Resolution iU Shutter

U7 1 1edesaunuanufid $u HandySCAN 700
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2.2 FUNUNAFDU

o

{IREAIUNNTATIRUNUNAABUALLUUAITUR 2 melasesinsnasnludinuauienauiames (CNC)

a o a

IngldTanergiifdoansn AA6063 Faranuuululviduaiully tieaiuaudiuys uasyuiudnwidninaves

9 Y

3 &

W1sfimesiuiaTEuIu v0u wardldwneuenidundn Jeindunisadilaendununegeulids degun 3

AduNTas19eLAIen Computer Numerical Control (CNC)

E——
S ————
—
—
RR——

JUN 2 LuuBunumegey

5UN 3 Jununageusrgilileunsa AAG063

2.3 99ALUUNITNAADU
vn o 2 1 2 ° ° v a:' I |
1) HIYIDNUUUNITAUYDUANIYNNTATIVFDUVUIATUINUINUIU 21 ALAUS ﬂ\‘izﬂ‘m 41‘ULﬂ§@Q§J@ IUﬂﬂi

Y Y

M519@UNAAIUAUUITDAD L1AT89 Coordinate Measuring Machine Arm (CMM Arm) 6 Lnu Tun15ms133n

N

v deldaifaldiduannmgulumadiouisunatesnmsaunuaudd lnensdsenmafimesia3osauny
anuddnuandstulunisnaaeuds Resolution 0.2,0.6, 1 dadwuns way Shutter 2, 5, 8 Hada U9 Wi aedae
TodrtnvoanTosaunuaiufiinizdedn Resolution agflutas 0.2-0.8 fadiuns uaza Shutter aglutdis 2-8
fodiuil uielirseunquitsanmgnsaunuiiiaruvuuiuresgadoyasauias Mufeseunquiisnainisdy
LLmﬁmmzauém%’uﬁuﬁﬂamazgﬁLﬁam AA6063 [14-17] Tagvharusaufulusunsy Geomagic Control X Gaidiu

TWsunsuihindaunudglusunsuuditmansawnuinvuadulid CAD Ninldanninsasia¥a CMM Arm
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UM 4 dumiimageunsinruintuny

2) MIRATzinaadn uitedliiimslinneitoyaileein Toyananismaaesiinszsidaelusunsy
Minitab Tnen1sTiasied Wield@nwnavesmisifimeslunsaunuaudfseninunainedsunisiavun Tnenns
Jpszinisannesidudu (Regression Analysis) ldAn1sneuawuas (Responses) AomAuaainAdeuiildainnis
aunuudaznsdwesiuieuiisufuafitaldannisiadiens sadoTauuududa CMM Arm Fefuanminen
FuysalveamasnaszninediiinldannsaunuasiifuazAnnsgiuifalinniaies CMM Am Wuludsaunsd
1 fudsnennsalwuusiewlss Continuous predictors Tddn Resolution wag Shutter @ susasdasdenivuald 3

seau bk Resolution 0.2, 0.6 wag 1.0 dadums nu Shutter 2, 5 wag 8 Fad W19 9INEILAUINITIATIUIY 21

'
aad 1

AW i eUsziiunavesladenan wasnalfdunusszninedade lnunmuasedudedfyn1sadfinegn

a

lpha = 0.05 Uag3AI1¥9 Response Optimization ien w13 fineasNvanalun1sausiAianerqiidey 1nse

]

'
a

AA6063 wenNTFsldununiinsle ieuanawiliduvesransenuantadesineg dedanuaaiaadeulunisin

w179 wagld Boxplot Lileliaszrinanseaeivesdayaiiannuindedevsely
Error = Dimensioncyy grm — Dimensiongcqn 3p (1)

2.4 m’maaumum%umuwmaauﬁw Coordinate Measuring Machine Arm (CMM Arm)

Tunsesaaeurmadduisniiemannasguildlunssudwmatunuiedlusisuiioutun
aunuanudffifamisdwesansiu tneldin3es Coordinate Measuring Machine Arm (CMM Arm) 4UU 6 Wny
Tnesuntesiavssinni anunsotrrunatunuldednesdon uaraseunquintunuldseudiu fnruaziBonvos
\3esogfl 0.001 fadums dauusiudigs uazsidurdoslotaiifinrunindetio 1ssuuwuududa (Touch probe)
ﬁﬂﬁﬁmwmmu&ﬁﬁqd 1AgViNITIATUIAMULUUNUY 21 AR éﬁ’qgﬂﬁ 3 wagyinusmAulusLAsN Geomagic

Control X Fadulusunsuldnsrageusimuawalaeans imeuneldvesujifinisin dsui 5
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Tsunsu
Geomagic Control X

2 ""
JUN 5 AT19a8UTUIATUNUNAZDUAIY CMM Arm

2.5 ATRABUILIATLNLYIAABUF BN SALAUA TR

nsawnuaudfluauisedideldied osaunuamndfigu HandySCANT00 ¥191usaufuldsunss
Vxelements Fufulusunsuillunisaunu 3 77 iileiiutoyalusuiuunidne (Mesh) lnfnuanissiamsiives
flumnsinsiude Resolution 0.2, 0.6 uaz 1.0 fadtuas AU Shutter 2, 5 ua 8 fadunl fsgud 6 IneilAnail fe
Optimize Scan Mesh 50 wWasidus, Auto Fill Holes 10 Wosidus wag Remove Isolated Patches 10 1Uasidud
yianTsaunuduauaTUndundaintuilild STL Aldarnansaunudiglusunsy Geomagic Control X iite

JesrzrimanurataadauilaSeuiiauiu CAD Mdntaainn1sin CMM arm Tagvinnisiaianum 21 siwmls

AIgUT 4 i 5

Scan Parameters Shutter (ms)

=
ARl nmsaELnuY — — ) [4]
Resolution (mm) [td] I : -

N LB . N B
ALAUIAIAT Resolution AMULWUIAIAT Shutter

JUN 6 NM13A9N38me3 Resolution U Shutter
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3. NAN15IY
3.1 Nan1snaaauInvuIn CMM Arm

NANISYNAABUNTIATUINT U UNAEBUNHAR M T anaralldusinsn AA6063 AI8LATBILa IRLUUFUNE 6

9 Y
o o

wnw (Coordinate Measuring Machine: CMM Arm) laanilun1singnuiusianun 21 AWRusuuduemuy lngnans

o

AI1BazBEARARIRINTTT 1 A1TiliaInnsiadaenies CMM Arm Tunis@inuiignamualidueiuinsgiu

€

1484 (Reference Value) dwiuldlumsiuSeuiisunazysziiiuaugnaaewenansinainnssuiunIsawnueay

o
o [

Aanmsfwesaneiuludunoudaluveaniside

M990 1 WanvadeUinvIATuUMAgey avgilllaunin AA6063 faelATas CMM Arm

NANTSNAGUINTUIN CMM Arm

Position  Dimension Drawing (mm)

Linear Dim.1 19.972
Linear Dim.2 99.86
Linear Dim.3 29.954
Linear Dim.4 15.05
Linear Dim.5 14.991
Linear Dim.6 5.001
Linear Dim.7 24.836
Linear Dim.8 10.133
Linear Dim.9 10.004
Linear Dim.10 19.873
Linear Dim.11 14.957
Linear Dim.12 10.018
Linear Dim.13 4.899
Linear Dim.14 4.895
Linear Dim.15 5.006
Linear Dim.16 5

Linear Dim.17 4.989
Linear Dim.18 5.008
Linear Dim.19 85.079
Linear Dim.20 10.04
Radial Dim.1 R 9.821

3.2 HANISNAADUAWNUANUNRA

NANISNAABUNITIATUIATUNUNAFOUTINGRM I Tanovailldeninsn AA6063 AleLAIawlloinuuuaLNY

9 Y

aad

Audfnnsidweseneiy 2 Ja3e Jadear 3 seau lewn Resolution 0.2, 0.6 way 1.0 U Shutter 2, 5 wag 8
TadIu9 nedauInAanun 21 swnud sazinluSeudigununanisinawin CMM Arm wu31 Resolution 0.2
Shutter 2 fiaadgauAaIA@aBU 0.05 JaaLuns, Resolution 0.2 Shutter 5 dA1LadgANUAaIALARDY 0.092

fiagLun s, Resolution 0.2 Shutter 8 fiAadsanunaInAdou 0.081 $aaLluns, Resolution 0.6 Shutter 2 fiAady
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AMUAAIALAZDY 0.179 Naduns, Resolution 0.6 Shutter 5 JARasAIuAaNMAABY 0.115 Jadums, Resolution
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0.6 Shutter 8 IALRAsAILAARMAABU 0.133 UadLums, Resolution 1 Shutter 2 dAedsAIuAaIAARaU 0.454
TaaLuns, Resolution 1 Shutter 5 dApagAlnuAaInLAaau 0.253 daawuns, Resolution 1 Shutter 8 dALade

ALAAIAAGOY 0.316 Nadluns Teaziduadoyanisvageuiduluiinnsied 2 §a 4

M19199 2 HaNTALNUANEA Resolution 0.2 Tanevgiliiluainsn AA6063 WTsuLTiguiuna CMM Arm

Resolution 0.2 mm

Shutter 2 ms Shutter 5 ms Shutter 8 ms

Position Dimension CMM Arm (mm)

Dimension Scan Errors Dimension Scan Errors Dimension Scan Errors
(mm) (mm) (mm) (mm) (mm) (mm)

Linear Dim.1 19.972 20.168 0.196 20.247 0.275 20.164 0.192
Linear Dim.2 99.86 99.901 0.041 99.916 0.056 99.918 0.058
Linear Dim.3 29.954 29.964 0.01 29.972 0.018 30.003 0.049
Linear Dim.4 15.05 15.048 0.002 15.034 0.016 15.031 0.019
Linear Dim.5 14.991 15.143 0.152 15.137 0.146 15.17 0.179
Linear Dim.6 5.001 5.094 0.093 5.071 0.07 5.036 0.035
Linear Dim.7 24.836 24.808 0.028 24.834 0.002 24.859 0.023
Linear Dim.8 10.133 10.093 0.04 10.086 0.047 10.083 0.05
Linear Dim.9 10.004 10.018 0.014 10.018 0.014 10.027 0.023
Linear Dim.10 19.873 19.88 0.007 19.863 0.01 19.9 0.027
Linear Dim.11 14.957 15.006 0.049 15.09 0.133 15.014 0.057
Linear Dim.12 10.018 10.066 0.048 10.199 0.181 10.12 0.102
Linear Dim.13 4.899 4.871 0.028 4.898 0.001 4.853 0.046
Linear Dim.14 4.895 4.882 0.013 4.892 0.003 4.882 0.013
Linear Dim.15 5.006 4.96 0.046 4.938 0.068 4.84 0.166
Linear Dim.16 5 5.007 0.007 5.005 0.005 5.004 0.004
Linear Dim.17 4.989 4.998 0.009 5 0.011 5.008 0.019
Linear Dim.18 5.008 5.013 0.005 5.012 0.004 5.016 0.008
Linear Dim.19 85.079 84.931 0.148 84.539 0.54 84.783 0.296
Linear Dim.20 10.04 9.987 0.053 9.895 0.145 9.911 0.129

Radial Dim.21 R 9.821 R 9.878 0.057 R 10.005 0.184 R 10.021 0.2
Sum Errors 1.046 1.929 1.695

Average Errors 0.05 - 0.092 - 0.081
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M19199 3 HANTSALNUAINER Resolution 0.6 Tanerqilifiounsa AA6063 WisuWiBuiuNa CMM Arm

Position

Dimension CMM Arm (mm)

Resolution 0.6 mm

Shutter 2 ms

Shutter 5 ms

Shutter 8 ms

Dimension Scan Errors Dimension Scan Errors Dimension Scan Errors

(mm) (mm) (mm) (mm) (mm) (mm)

Linear Dim.1 19.972 20.692 0.72 20.461 0.489 20.554 0.582
Linear Dim.2 99.86 99.896 0.036 99.902 0.042 99.923 0.063
Linear Dim.3 29.954 29.963 0.009 29.996 0.042 29.961 0.007
Linear Dim.4 15.05 15.065 0.015 15.091 0.041 15.059 0.009
Linear Dim.5 14.991 15.39 0.399 15.076 0.085 15.175 0.184
Linear Dim.6 5.001 5.278 0.277 5.017 0.016 5.069 0.068
Linear Dim.7 24.836 24.681 0.155 24.872 0.036 24.843 0.007
Linear Dim.8 10.133 10.08 0.053 10.078 0.055 10.075 0.058
Linear Dim.9 10.004 10.019 0.015 10.021 0.017 10.019 0.015
Linear Dim.10 19.873 19.899 0.026 19.892 0.019 19.865 0.008
Linear Dim.11 14.957 15.159 0.202 15.131 0.174 15.163 0.206
Linear Dim.12 10.018 10.344 0.326 10.279 0.261 10.33 0.312
Linear Dim.13 4.899 4.883 0.016 4.874 0.025 4.823 0.076
Linear Dim.14 4.895 4.88 0.015 4.883 0.012 4.827 0.068
Linear Dim.15 5.006 4.862 0.144 4.996 0.01 5.03 0.024
Linear Dim.16 5 5.01 0.01 5.023 0.023 5.023 0.023
Linear Dim.17 4.989 4.995 0.006 5.005 0.016 4.995 0.006
Linear Dim.18 5.008 5.012 0.004 5.004 0.004 5.019 0.011
Linear Dim.19 85.079 84.02 1.059 84.21 0.869 84.143 0.936
Linear Dim.20 10.04 9.899 0.141 9.97 0.07 9.975 0.065
Radial Dim.21 R 9.821 R 9.957 0.136 R 9.926 0.105 R 9.880 0.059
Sum Errors 3.764 2411 2.787

Average Errors 0.179 - 0.115 - 0.133
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M19199 4 HANTALNUAINER Resolution 1 Janerqiliounsa AA6063 lWTsuBUiUNG CMM Arm

Resolution 1 mm

Shutter 2 ms Shutter 5 ms Shutter 8 ms
Position Dimension CMM Arm (mm)

Dimension Scan Errors Dimension Scan Errors Dimension Scan Errors
(mm) (mm) (mm) (mm) (mm) (mm)
Linear Dim.1 19.972 21.011 1.039 21.063 1.091 21.089 1.117
Linear Dim.2 99.86 99.891 0.031 99.907 0.047 99.897 0.037
Linear Dim.3 29.954 29.962 0.008 29.968 0.014 29.958 0.004
Linear Dim.4 15.05 15.046 0.004 15.023 0.027 14.969 0.081
Linear Dim.5 14.991 15.238 0.247 15.794 0.803 14.722 0.269
Linear Dim.6 5.001 4.984 0.017 5.279 0.278 4.978 0.023
Linear Dim.7 24.836 24.906 0.07 24.685 0.151 24.904 0.068
Linear Dim.8 10.133 10.038 0.095 10.06 0.073 10.092 0.041
Linear Dim.9 10.004 10.011 0.007 10.023 0.019 10.016 0.012
Linear Dim.10 19.873 19.849 0.024 19.851 0.022 19.809 0.064
Linear Dim.11 14.957 15.581 0.624 15.396 0.439 15.152 0.195
Linear Dim.12 10.018 11.334 1.316 10.491 0.473 10.261 0.243
Linear Dim.13 4.899 4.88 0.019 4.852 0.047 4.86 0.039
Linear Dim.14 4.895 4.851 0.044 4914 0.019 4.909 0.014
Linear Dim.15 5.006 4.988 0.018 4.866 0.14 4711 0.295
Linear Dim.16 5 5.05 0.05 5.015 0.015 5.026 0.026
Linear Dim.17 4.989 4.982 0.007 5 0.011 5.002 0.013
Linear Dim.18 5.008 5.016 0.008 4.989 0.019 5.002 0.006
Linear Dim.19 85.079 79.454 5.625 83.576 1.503 84.28 0.799
Linear Dim.20 10.04 9.908 0.132 9.995 0.045 9.979 0.061
Radial Dim.21 R 9.821 R9.977 0.156 R 9.898 0.077 R 9.886 0.065
Sum Errors 9.541 5313 3.472
Average Errors 0.454 - 0.253 - 0.316

33 HANTIATIZVINIEDA
nMInedeunTEiHaNIvageuEidedenlilusinsy Minitab lneifenldinTaienisiaezrinisannee

13L& U (Regression Analysis) NAN153LASILUNITAANDULAASALNITAUFUNUS T2 U 19AIUARIALAG BUNY

a £

P51 NSALAUAIFUAST 2 INANEUUTEANTIZNUIN Resolution Va9N1saN U ANFNUSEANSLUUUIN wWaneIn

N13LANAT Resolution 11nTudsnalininuaaiandsuwiudulaediuiliueg9taiau wazdisd1Ayn1eadan

|

p-value Wiy 0.010 Tuvaeziian Shutter dAn p-value Wiy 0.221 Fsnnnitszautuddny 0.05 uansinlifiua

' = o w ' a

a1ty 1ARDANAIALARDUNTALALEINER wazNa Lack-of-Fit T1A1 p-value Wiy 0.764 FAmnni

o

sgautedAny 0.05 LAAIINENNITITIAEAAIERAS (Math Equation Model) iAnuundafiotnuzausnanis

<

WSBUWgUAUA1TINDSINBNISNNAMURANAININATIA AIR1S19N 5

Error = 0.0911 + 0.271 Resolution — 0.0169 Shutter (2)
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A15199 5 N15LATIEHANLLUTUTIN ANOVA

Source DF Adj SS Adj MS F-Value P-Value
Regression 2 1.8048 0.9024 4.18 0.017
Resolution 1 1.4801 1.4801 6.86 0.010
Shutter 1 0.3248 0.3248 1.51 0.221
Error 186 40.1287 0.2157
Lack—of-Fit 6 0.7319 0.1220 0.56 0.764
Pure Error 180 39.3969 0.2189
Total 188 41.9335

Pareto Chart of the Standardized Effects

(response is Error_mm, a = 0.05)

U:U 05 !.0. 5 2.0 25
Standardized Effect

JUN 7 unuiinslanilnansenudensawnuauila

NgUTl 7 azdiulidinsasiimsiiines Resolution (A) finasiar Error lun1saunuanuiif desainuva

n519 (Bar) 1AunIEus1989 (Reference Line) Tuwuida fAflen 1.973 Tuwuznisifwas Shutter (B) liiflnasiann

Error 119991nwsians i (Bar) ldiiunindusn19de (Reference Line) Tunwasa Aflan 1.973 Feaanndasiuiunadns

\eadd ANOVA uasdsaanndeafiuiiuiantaainnisawnuaiudffegluguuuy Surface Fire ufivesguanunla

nnsaLnuaNdALansludnwurlAsI1en1918 (mesh) Feilmnunuiiiutogasmua Resolution MANNTUVBS

msaunu TnganuvuiiuvesmtedesadmalizunsusvInlnuInu veu wasiuiilas lildnanudiatn

AUKUUNTSARNY nebiiinAueaInfouvenansinleiUseuisuiumnlaain CMM Arm faguil 8 §ia 10

gll‘ﬁ 8 n. Resolution 0.2 Shutter 2, 9. Resolution 0.2 Shutter 5, A. Resolution 0.2 Shutter 8
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g‘ll‘ﬁ 10 n. Resolution 1 Shutter 2, 9. Resolution 1 Shutter 5, A. Resolution 1 Shutter 8

N153LA31EM Response Optimization LitanAINIS1TMoNYINIAUARIALATBUAITIEA LaziruIzay

'
=~

naaildlunsasdmiimeslumsaunuanuiiforgiiloninsa AA6063 wudAmIIzaufe Resolution iy

0.2 Tadwns wag Shutter WU 8 Nad U9 FIAIAILARIAARBUTIAIANITAIRININ AUAAIAAEBUUSEUM
0.0099 daduns uazdaWanela (Desirability) geiis 0.998 uansfiauszdninmvesnisidenldnisidines
Resolution 0.2 Wag Shutter 8 ¢i93U# 11

. Resoluti Shutter_
ey High 10 80
09984 (020) (0]
Low 0.20 2.0

Error_mm
Minirmum
y = 0.0099
d = 0.99841

gll‘ﬁ 11 Response Optimization: Error_ mm
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Boxplot of Error_mm

E
. ]
]
o
2
L N
: B L = B =
a — - —— == =
Shitter_ms 2 5 8 F3 5 ] 2 5 ]
REsolithan_mm 0z 0B 1.0

35U 12 Boxplot Y04A1ANUARIALATOUNTALN AR

4. 8fiUsewNa

nsawnuaudfidumalulad il Suauaulasgrannlunisldanuduunsinet (Metrology) waz
Aenssudoundu Wesmnanunsaaiisdeya Point Cloud TiflsuaiBungsdmiunsiianeigunss uazvuaves
Fuau 91nn1534AT1ER A28 Response Optimization mwﬁyammmﬁLmaﬂumiauﬂumuﬁﬁazqﬁLﬁaume
AA6063 WU TnesTiliaunaIaLAdousan A Resolution 0.2 fadns waz Shutter 8 fadIunl auwn

va

Tusagiiulddniile Resolution 748 udsnalidrAuAALAR BugsT uAm Uil Shutter 8ernasdanalvidinag
AaAAeuegiuddy Jeaenadeiunisdnwive Zainal Mukhriz wazay finuin msaunuanufaiidesidn
Tuduanuuiugn wagdosniunuiladenngg 1wy mawienRa nsieen wazanwwndeu Welilduanisiad
Tn&iAssiuaiindeiedesiioTauuuiiu uonani Kustrzycka wavame wandlifivinanugnifesosaunuiueg
AUmATANTALNY NSAIAINNTARAL WazTInvesH uAITe T U Fadudadeddyiifesfiansanlunisiin
Wisuilsuiuteyanisiadu CMM Am Faanauide Adam Gaska wazamz aznuldinisltiaiessiotauszinm
CMM tuflsAvsnmdissefiazilulflunisgneds uasiusuifisunaduiedssotaduldesaiinnuidede

FeaonATOITUUKUYIN LA

5. @3y

maﬁuaqmiﬁﬂmmﬁﬁLmai‘msaLmumuﬁasiamwma'mLﬂ?iaums‘;"mmm%umuﬁ’aqazgﬁLﬁsm AA6063
Wisuifleuiuieiesafifauuuduia CMM Arm anansaagulded

5.1 HAN1TIATILANITOANDYLTUEU LALNITIATIZHANULUTUTIU (ANOVA) HUTIAIAINNALLDEAUINIS

N 19

aunu (Resolution) finasanuaainnd eueg1efiiiad1Ayn1eads (p = 0.010) luvaeiidiainsdasuuas
(Shutter) luifinagedivdoddgmnisada (p = 0.221)
5.2 wansnAday Lack—ofFit A1 p-value Wiy 0.764 uansiuuusaosendamansainmuntul
AAEAY warasoesuIEAnudIRLSSER I Rwmesmsaunuiumanueamndeuldegaidede
5.3 namsnnzinuginislianansfuduimisiines Resolution Wuiladuddyidsrasedini

o o

ARNALARDUVDINTALAUALLR Vaue?l Shutter luidiBvgnasgaiitodAgnslurisnisvassinivun
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5.4 MIBATERuAnkUUSasEnfiinuda Resolution dwaseaunuwiuvestasagien1gng

(Mesh) Fafiasiornuanunsalunsiienensiazifenvessunsasuiadin laslanizuinasgu veu waziuRalAs

YOITUI

5.5 N33Rz Response Optimization Wudwﬁwmﬁﬁma%ﬁmmzauﬁqm A9 Resolution 0.2 fiadLuns

uay Shutter 8 fadunit FsliimanuaaandouigaUszaa 0.0099 fadluns wingdmiumsussgnalilunis
mmw‘z’?uwuas@ﬁl,ﬁsm AA6063

5.6 MInszefvesteyaan Boxplot nuARRUNAUIWMLY eenalinainmsazieutazn1snszids

a a @

YDIAIUUNURIDZ AN BN TINDINAVDIAIURTURINAINANDNITNTIIIULENYBITZUU Structured Light Fa7a0

Y 9

avaiivloy AAG063 Tnuautfasviounatraudegs 019 AARYIINGNITaIKAINTEIRY kAN ITaETIOULUUNEY

P

Wowanawesannsznuvuiiergiioy usdmazasvioudngwueesinenss vaefivisdiuasnsudslunaiy
N1 Y leunianesaIna1ewaindan e ula Ln saf Ui saS AU Ui,
el nanITeanunsauszyndldlatussuuawnuauiAnlinannig Structured Light 3elaiwasidens

ANNYINAUINAALINUY LALMUNZANSUTUNUN LTINS UAITAR N AL VTB UUWNUR?

6. AANTIUUTENA
v ve U UANAIYIYIAINTTURAAIMNNT AMEIAINTINAIENS U Inedenaluladsyunanamm
NatvanwaI oo @a01ui N15MN3TY 4age131389UsET1a1v13UTAINTINGAAINNTT ANLIFINTTUAIENS

wiinedewalulagsvusnangavm Alideya uazAuSnwawilinuidediiganadla
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1A U3Fuanumden fisvlin gnuiad U3duiumdon vsansis wagnsanay fvuanisneiunsseduyudes
Faudt 0° f9 90° uazifisdunn q 10° dulusunsy UltiMaker Cura 5.10.0 HaN1SANS MU WAEINAITIAGTR
wazn1seurdsdmalagassiansiininensuaziatlunsiiud lnegunsgnuiaiuasiselinduse@nsam
geaaiionslunursu (0 WesanliiAslassaiisgiusesiv lusasdisunsanauiifanangusessuanian
dmiusunssUiTumaumden UiTurimas wagvsinge sgingeingaiidesaindlassaiiesessulaedalusifide
uuBsannd1 45° inuwakauRean dwmaliuiiunslifagrestuwarsernanisfaiiudy deidsudiuns
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wagn1suangduluenan
AdAey: N3 Asas1asesiu nMsiiuitugUauids nsudauuuiiuilodan

Abstract

This research aims to examine the influence of part orientation on support structure formation and
printing efficiency in Fused Deposition Modeling (FDM). Experimental tests were conducted on six geometric
shapes: a triangular prism, a pyramid, a cube, a pentagonal prism, a cone, and a sphere. The positioning

angles ranged from 0° to 90° in 10° increments and were processed with UltiMaker Cura 5.10.0. The results
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indicate that geometric characteristics and part orientation directly affect resource consumption and printing
time. Cubes and pyramids demonstrated the highest efficiency when oriented horizontally (0°), as they
required no support structures, whereas spheres exhibited high sensitivity and generated the most support
material. For the triangular prism, pentagonal prism, and cone, a critical threshold for triggering automatic
support-structure formation was observed at angles exceeding 45° from the vertical axis. This consequence
led to increased consumption of support material and longer printing times than in the horizontal
orientation. These quantitative findings can serve as practical guidelines for Design for Additive

Manufacturing (DfAM) to minimize production costs and promote sustainable manufacturing in the future.

Keywords: Part Orientation, Support Structures, Fused Deposition Modeling (FDM), Additive Manufacturing

1. unii

ﬁﬁ]ﬁ;ﬂ’uqmamﬂﬁ:uﬂ'1mﬁm%‘ianﬁﬁﬁnvﬁwzﬂ'EgﬂmiwﬁmﬁLﬁummﬁw&jmaw%’wmnsa&hw"’lﬁ’m G
aonadastunnAnmsliagiiomnanegnedsdu Inevidumeluladiiddgfomandauuuiduilotag (Additive
Manufacturing: AM) [1] ielnestilufienisfinsi 3 § (3D Printing) [2] welwladiidelinsiUdeuanuuusiaes

v a A

Fuu wWaswdudunuaseildsing andunsun1stuguiidudou wazannisaqdeingAudlefisuiunisuds

1

a

wusasldnsdndeuiietaneen (Subtractive Manufacturing: SM) [3] agdlsfiniu nszurunmsRusiluguuuy
Fused Deposition Modeling (FOM) [4] Saifumaluladiiunsvansiian Ssnsdidedriamanaiaiiddy lnstany
audRnamenimuarautininasestunuiindnosnin Fafnazliainansluyniieynaienindnuwaznisn
%auﬁu‘uaq%”’ui’a@ (Layer-by-Layer) [5]

‘fja]é’aﬁﬁwaﬁaﬂmmwmaﬁumuﬁuﬁ 3 iRl Ao N192197iAN193 UL (Part Orientation) [6] Lilasannnis
fissiuuy FOM fdnuwaznisvinuiidsmalidunudenuduedlalngd (Anisotropy) a9 ienanifedunuasd
arundaussduunuiivusuduagunnniuuunuiisenndusesussausssrinadu (7] uenaint fevanns
MeBunuuugIuRIiSsdawanszmulasasaioninune Ui (Surface Roughness) Suifiosunainysingnisal
futule (Staircase Effect) Fuduguassadidylunasdndunuiifienududounassioansauandeanuings
falunindu meneumisiiianainiandsnisasndasadnesesiu (Support Structure) Fiiunaus iy il
Anmslindsuiiiutu szevnansisifenuuiu wesUTinuesnanainannisungdausessuiis Sednde
wdnnsuandideauazauiadu [8-10]

nilymifinannundiedu suideatudfsaiufinwuasieneidninarenimneiundsduemly
wwunuiiuandeiy Tnensinsssisandiouiieuddniufusswingunsasnadatuguidenududeu
sreiuds 6 gUuuy meldinaudsuulaspiesegisaziBeaiaus 0° fa 90° iloadauuamenisesniuuiiions
wAnLUULRLLTDYaR (Design for Additive Manufacturing: DFAM) [11] Faanisisnnsfiannsniluuszgndldiio

anvaudeuaziunun1sHanla
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= awv ada v
2. NQEYUAZUILNINYIVDY
2.1 NITUINSHAALUULALLLE (Additive Manufacturing: AM)

NILUIUNITHAMLUULANLILD (Additive Manufacturing: AM) %391 iestssnAunaluinmalulagnsiu

v v '
= a a

@A (3D Printing) 1WuWINNTIUNTTUFUTUNUATHENNSTAUFILLANAIIINATHEARUUAY FiB NTTUIUNIAA

12
v v A

\WoulileTan (Subtractive Manufacturing) ag9duids IneilseaziBennimguf NdAnyeail ndnn1stugutusiety

o

(Layer-by-Layer): ns¥uuni1s AM endenisasneingaiudifiannnisinedansessenuludusdeoduiuinny z

FaurarduziianununNuiug1nun1sAIMveendws n15ieuleloyandvia (Digital Integration) N15WEN

'
a

wEuAUIINNTASILUUTIABIABNTIADS (Computer-Aided Design: CAD) [12] 9 ntiudayavzgndinuiadutu
Joyaaodlf (Sequential Layers) tiioldiluyniddlissuunauiiunesaivauimdaniowamasnulunistugy
Faneugunsainmuald anunainvatgvesianuaziunse waluladisesiunsldianfinarnvateianaiadn

v oA

(Thermoplastic) wazlany (Metal) Ineiigaiiud dyfoanuanisalunisadied unui danududeugq
(Geometric Complexity) @ snszurun1sAaUIanT en1svaewvuiAultarunsaviald wievinldenn [13-15]
nIzUILMS AM Hasannsgaydeiiotanluseminanisudn (Material Waste Reduction) iagsAnauainusions
(On-demand Manufacturing) ludnun1suanegnedsdu [16-17]

2.2 mstuguanufifdenssuiunstugudensin faguassazans (Fused Deposition Modeling: FDM)

ﬂszmums%ugﬂamﬁaﬁaaﬂwsamwmaﬁﬂmmw?a Fused Deposition Modeling (FDM) daidumalulad
mawAnuuuLRLiieYan (Additive Manufacturing) Al#¥umnufiengegalugmamnssutagiiu eanndidununis
wAnfiduwazldauldvarnvats lnsudnnisiauiuguduannisdwiiutanmeslunaradnludnumsdu
(Filament) [18] 1i1gyavirdaiidnsmunuaamailiginitgavasuivaivesianiiedsuaniuzanvesudadu
vodlva nurdnasiadouiinuuuiunu X uag Y Wionsdriagasuugrufaninuguiredidmunldlulsunsy

¢ a ' v

rouImesNs TN Weanfigndneeninduidaiueiniaisegiuiuiaziinnisiuiuasudsidafafutuneumd

v
o

dAafunsussanusseminedu (Interlayer Bonding) a]uﬂmsjLﬂu%umuamﬁﬁﬁamuﬂsm‘iuﬁqm Faladudrdnyiiding
soauTAvIanauaze g MEiRTesTuuszneuie madiwesnisfuifivarnuas i AN AITERYEbT
(Printing Temperature) A3L52luN1SANN (Printing Speed) warAuMeITunISL (Layer Height) Sauds
dnwaznsi3ssivondunanainanely (nfil Pattern) Ssdsnaennuudausudalasiaiiauazanudoanguves
Fuau [19-20]

2.3 yuaALBeaasutuzannii (Overhang)

neudsudduniens Overhang lunsyurumsfissianudfnuudananadn (Fom) Gerfutladeingaiiing
m'am’mﬁ']L?ﬁf[.um'iﬁugﬂ%umuimﬂmﬁi’wé’ﬂmﬁauﬁuﬁ’umaa%ﬁaq (Layer-by-Layer Deposition) 3slneiialuaz
fnfio ng 45 asm Wunausiunnsgulunisesnuuuilendnidssnislilassadresesu (Support Structures) [21]
Audowmazenndenisidnfimdamandn faguil 1 luddmnssunesdedu nsfivfuidadunanainoonly
Funsiioteenaingafsnansmestugiudiua asviliAsusdusndnniminvestagluansfmaouazas
fnenewiedslidunaaingesiasmuusiliiutimedan vnyuaiadesdanniiunimeuaiiussdamien
sgwrieduazulm %aﬂamﬁuﬁ’uﬁ’ﬁsﬁua&gjﬁ’uﬁmﬂﬁﬁﬁﬁgwmﬂﬂismi L mmqwad%uﬁuﬁ (Layer Height) A3
nfreveamsdnduan (Extrusion Width) warUszansnmaesszuussuisanufeufivigli fandaildnaiaty

[22] usnsfaguil 2
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©30° 450
A—W
V
V 4
4 V
1~
1=

31N 1 yuesensadiagIuses (Support)
(1) J2DIANDIN 0°—-90° AINUUIAIAIN

(v) eI aiagusesy (Support)

oS
AIUNYU

(Overhang)

N

g U89
@y

(Support)

(Overhang)

E‘Llﬁ 2 E‘ULLUUﬂ’]TJNﬁW WAL

2.4 NQuR NN ITD1

MENN1508NKUUL DN1SHAARUULALLT B (Design for Additive Manufacturing: DFAM) [23] 1Julwi@n

' v
a = v a

fugifldmuauanuduiouressunadiaonadestuindifnvenaiesfisnitunu 3 i defesoonuuutuauly
ogflureuiummnuanInveeiosfinn niouiordenisusudsaniauususznaunsfisst (Slicing Parameters)
[24] eelanansandnauisudeulfiafiostu Inemisfmdnnisteuiviuresdutan wedmuadianinis
Funmiuardnuaglasaianeluiung lnesuswaifianuduiusinenseiunguinanisiiuiuazsuoudy
n15#s (Build Time and Layer Count Theory) [25] %aﬁzqdwmmqwaﬁmq‘[.uuméngLLUiﬁumaﬁ’mzaznmﬁ
Tuazrswauseunmaiedeufivoshdntan sferuuiusmedunuiiduiusiunsdameiimsmessundunis
finsilifsanniununsuusmesiuny venand nsfaneildmmnzaudnilugarunaiaiadounsiung
(Volumetric Error) [26] Fedsnaliimnuusiugiuiifuazvunnvesnandusiotsnannedoullanuuuiiass 3 447
Feutuanlsunsuneufinaeigaslunsesnuuu Tnsanzusnaiuiiduiu (Overhangs) figadldlnseadng

59950 Wefian ngunisldTanuaznisiiaawian (Material Consumption & Waste) [27] az1dud a2 a
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UszdnSamvesnisudn lneyswdunisandsununaraindiuiuainnisaiidisesiulimnzauuaziieans

oA

dmdumsfuigunuiy 9 WWauysal ilelrussainguszasdvesnmsnaniidsduneldnisliianeeafueniign

3. NIAEINUIRY
ANSANYIN AN INUATUADUNTANLTUIIULN DT LATIEVHAVDINITINA LN UIT U UABNSLANLASIES 14

5845 (Support Structure) lnedsgazidennagui 3

v = an o e o wuatuTan |
sULUUIngUuaglguluy 3 17 M NTVNELAUETEAULLEY > _ |
(Slicer layers) :

A . Rmidugy 3 SR sedfusiBes |

a3una < B AT 2 T P - S S

(3D Print)

UM 3 TumaunsAniunuremsewurtiue

3.1 MyuAgUIIHaslBE UL UUAER

a

Tunsanduanuidy Lﬁ@lﬁﬂi@Uﬂallﬁﬂ‘t}m“’ﬁmﬂLiﬂ?ﬂﬂjmﬁﬁaﬂﬂﬁaﬂEJ‘FQﬁﬂ‘WUIUQ’]U%WJﬂiﬁJLLa“fﬂi

o

oonuuuRanfas §3feldrmuaguuuuiunumaaeulasyadiufieauuansswesssunuduia yuaiades uay

Arwiudouvesituin nsruIuniuiuaINNITeeNLUULUUS aRIRENRIADS (Computer-Aided Design: CAD)
ioasainganfiafiviumsuarsuaiiviveudmiulfidunmsgulunisiiesuiisunanisveaey Taggunss
sediat 6 sUkUUTignAREonuUszneufesUnssiiigiuidey sUnsmaemasy waysUnseiiiaalAam ol
ansaiesziavinaresmsNehumisiitliensifslasiainssessuldedretaeuluyndd Tasdswazidonuun

wazUSUNTYRIUAaY JUNTY AeUT 4
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"

ARG HGRHIVIGE anuAn
USTus ey 71590578 759nau

JUN 4 JULUUBUNUNAGBUNTINAUNUS

Tnegunsausuadiaris 6 Uuuy Minsidetivun wasdmiindwielud
3.1.1 USTuanamdsy (Triangular Prism) 4119 50 x 50 x 50 aial. (1519x719xg9) uazU3aAS 54,126.59
au..
« AU (n.) = U31109 (AU.43.) x AMURUILLUYDY PLA (n./au.ual.)
= 54,126.59 x 0.00124
= 67.12 nfu
3.1.2 Wisedla (Pyramid) YU 50 x 50 x 50 113, (NI19xe1Ixg9) Uazrl3ums 40,887.72 au.ul.
« AU (N.) = Y3915 (AU.NL.) x ANURUILULYDY PLA (n./aU.u4.)
= 40,887.72 x 0.00124
= 50.70 n3u
3.1.3 gnuiAn (Cube) 1A 50 x 50 x 50 wal. (N19x81xg) WagU3ung 125,000.00 au.aal.
« AU (n.) = Y3795 (AU.NL.) x ANURUILUUYDY PLA (n./aU.14.)
= 125,000.00 x 0.00124
= 155.00 N5y
3.1.4 USTusi1md sy (Pentagonal Prism) 9zdau1m 50 x 50 x 50 Wy, (NT19xe1Ixgq) waguIumg
113,522.27 aU.ud.
« AUIUNILIA (n.) = UFU7915 (AU x ANURUILULYDY PLA (n./aU.uu.)
=113,522.27 x 0.00124
= 140.77 n3u
3.1.5 11591538 (Cone) agdu1u1n 50 x 50 x 50 Ual. (ﬂ’ﬁwxanxqﬂ) wazUSunng 32,113.14 au.uy.
« AUIINIa (n.) = Y3110 (AU.43.) x AMURUILLUYDY PLA (n./au.aa.)

=32,113.14 x 0.00124
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= 39.82 N3
3.1.6 N9nau (Sphere) agdlaunn 50 x 50 x 50 Uil (NI19XE1IX &) wazUSung 65,449.85 auU.dy.
« AU (7. = U3005 (QU.U3.) x AUTUILLUUYY PLA (n/au.aa.)
= 65,449.85 x 0.00124
= 81.16 34
3.2 NIVEAUITEAULNLDE
sl Eyeg1amn mavnaesiitatiunismeimiduay Taodusiumia 0°-90° vinns
diamn 4 10° wdsmniuinistuguiusmilaenssuarunmsutsiu (Slicer) [27] tdusuildanmsauuy 3 43
\fngnaguaunis Slicer kulusuns UltiMaker Cura 5.10.0 ms Slicer iunisadns Layer Wdusugududy

o

iewnSeulnddmsunsfinitugy 3 §f lnewladndluna 3 iR (9u STL, OBJ) Winanelumdsdmiuiniasiius

v '
= =~ = =

Pugu 3 7 Tareadafan1siionIUNITBTUNUAUANINZEN UARIFIENFUNTIiselia fagun

Y
0° Am’ ‘ 20° 30°

'40° : ' 50°: ' 60° 1 7‘(5 0°
90°
80° 0°

JUN 5 fegadnumenTINeiunaeduy 0-90°

90°

Oo

v

v

v

N154ANgIUTBITU (Support) N15UFULNBE AUMUITEITUNULAAYFUNTS AwiinTulilayuideeuinndl 45° 21N

WWINY 90° UARIBENRIgUT 6
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60°

30°
0°

»0°

U509

5U# 6 M3LAngIUTe3 (Support) YBeYLBEN > 45° INUILA 90

3.3 Januduneduanfniedn (Polylactic Acid: PLA)

' L4 £ C

nszvIuNsHandulagldItn59nIa NHvuaduRugudnanLduvesidndain 1.75 uy. lnunnauds

Y

aa o a .

vostanildunanaindrnmeiiandsiteldlunufio 3 87 SallauaudRnliiuinsfuifiseudou aenu
uaza s uidediauisedne 1wy armBaveudn wWingldie Weldfuusein vieusinszunngs wazlsivung
dwiumsldauidesnisarudangu PLA Fudududeniiddmiunmsldailunussniuunansnsidlidosnns
anmumusienaFougs uazduianinouaussionuieanislunisinuduindon anamuuLuvesian PLA

~ 1.24 n./aU.93. Ingn1518meslunsnaandlaninanised 1

o a 5 1 a a Y
M990 1 LLam'Wﬁ’mLma?uaamﬁﬁuugﬂmumgﬂmﬂLamﬂmmanﬁa PLA

il 378M13 A ey
1 gaunnivasuayaty (Melt temperature) 220 @A wALTYE
2 9NN U (Bed temperature) 60  esmwaLdYA
3 ASalunsRuA (Speed) 100 ww./Aud

3.4 \p30iNAINTA
wisesiuiaudAnldlunszuIun1snnaes Ju Anet ET4 Lasaediawnn 440 x 340 x 480 1y, Huuiaiuily
N1SANNLAZIEA 220 x 220 x250 un.AMLEIFEALUNITANN 150 wa./3urd auamida (Nozzle) 0.4 uu. 1oy

sUsuunsinia1ely (nfill pattern) Wuguuuunnsns (Grid) meﬁagﬂﬁ 7
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4. Han1538uaznNIsaAUTIeNE

JUN 7 \nesiiuiauiifisy Anet ET4

INMTIATINBNTNAVDINITIIWUNUITUNIUATUA 0° T3 90° NuTENYAEMUTVIANAVBIUAAZFUNTS

ANARBNNTANLATIFS19TDITUBALUSEANT AN SRUNTLANAIY 9T

4.1 UsTuanumdey (Triangular Prism)

sl = =

q

DugunseiifiyuBedluia n1sanefigu 0° Winadnsingailesangrunitwazldfdwbuiiiung 45° us

Wesudadesuanulussmiiadu fulsnumilsaznateduyu Overhang viudl virlwisiaaiinisasns Support tte

weadmnwanadnlallvidosss uanadaguil 8

Y Y W

0° 10° 20° 30° 40°
Thminvestunu (2 29 29 29 29 29
thminves Support (g) 0 3 5 6 8
vailifa (hrmin) 1:09 1:49 1:58 2:28 2:59

Fuau
Thainvestua () 29 29 29 29 29
Yhminwes Support (g) - - 8 6
ARl (hr:min) - - - 2:59 2:28

3UN 8 wamsTusunisneiuviesunsslsduauivaey

4.2 Wszdn (Pyramid)

[

fdnwaurnisnszaedminia

'
1 4 =

GRIZERAGRNEEY
KURT)

adlunwUnAssdanudunsgaiarlifaddgusesiu ud

mnnudedluiamanilimungay fundueenuaziuinmeiauwsduuudanivindanluanigiwvaouazane

dewalvisodly Support WeUszapgUnselvinsIUmuLUY 3 15 Lansisgui 9
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Fuu

g

30°

4a0°

UMUNTDITUU (g)

22

22

22

Pmiinves Support ()

7

9

LAMLERNN (hr:min)

1:18

1:33

1:42

1:44

Fuau

80°

w1

90°

UMUNTDITUU (g)

22

22

22

22

22

Sminues Support ()

5

aq

DAAlEARLW (hr:min)

1:39

1:31

JUN 9 wansTuguMsneiuvmisvesgunseiiselinanumaes

4.3 gnuen (Cube)
INHANTVAGRINUIFUNTIPN IR vILBee 45° siinUSinalasainesessuganiloiniiuii

syunuianaUasuan mduiufigu (Overhang Wuiaey) FahfissilidanunsodadeTanuuenels Jsdosende

FrusossvrIalgiesukssluudnniminian i masuarateiuusiunungd1ungu (Overhang) 45 a9en

q
LYY a

Tuvgnsinaufivusuugusessu (Support) A BIINANBUENIRsVIATIn I IRdURag IURNEI9aLAEY

A

(Tangential Point) ¥1linn 9 syunuyades 0-360 A1 INgAnTIUNISLAR Overhang NdulAsAua YUY
wanaRagun 10

Fuaw
—
Tminestua (g) 56 56 56 56 56
Ymtinves Support (g) 0 4 7 6 8
an#ldfiasd (hr:min) 2:38 3:09 3.22 3:03 311
Fuaw
90°
Pnfnvesiuay (9 56 56 56 56 56
Ymiinves Support (g) 8 6 7 4 0
van#ldfiast (hr:min) 311 3,03 3:22 309 2:38

JUN 10 HansTuFUMINEUlesgUnsIgnuIed

4.4 UsFuimdea (Pentagonal Prism)
fanududouvasuuinngunsauwmasy MIneiunisdaliingaings (Critical Point) Tuvane
seunv Tnsamzidiausuyudedduyae 70°-90° Feagiinisasne Support luuSuuiasi ilesessumasuyunau

ONUIUDNULUILNUAIRIN LLﬁﬂﬂﬁﬂg‘Uﬁ 11

Journal of Manufacturing and Management Technology UMMT) Vol 5, No. 1, 2026 (January — June)

93



T M58 ALUlAENSHANLAZNNTINNIS

U9 5 aUuil 1 un31mu - dquien 2569

° 30° 40°

0 10° 20°
Thnfnvesiuay ©) 51 51 51 51 51
Wuiinves Support (g) 0 2 q 3 8
nawmw’ﬁmﬁ (hr:min) 2:28 2:36 2:52 2:41 2:58
Fuau ) '
/ 50° 60° 70° 80° V 90°
Thnfvesiuay (9 5il 51 51 51 51
Thminves Support (g) 3 2 0 2 4
naqﬁlﬁﬁuﬁ (hr:min) 2:42 2:36 2:29 2:36 2:52

JUT 11 wan1sTugumsneiumiaesgunsalsduiimaey

4.5 530378 (Cone)

Jugunsaifimihdndnainuanuegs mnndegiergiuasaziuililaglidedld Support uinsveaey
Melusumisdu ssvilimilAwnuiaddunianduiu 45° demalvfigunuinlsngnisaitudule (Staircase
Effect) ldd1evnliiill Support ses5uilmungas uanafagui 12

FuUIU

ag. st ¢ ....Md \«-Ld ol "‘
0 10° 20° 30° 40°
Fmivesua (g) 18 18 18 18 18
Hhminves Support (g) 0 2 4 5 6
anﬁl‘ﬁﬁuvﬁ (hr:min) 1:04 1:16 1:20 1:15 1:38

Jgymiiiin —

Fuau l 54 v p Jm m
50° 60° 70° Y, 80° 90°
thmivesdunu (g) 18 18 18 18 18
Thminves Support (g) 1 3 3
VAR (hrmin) 1:06 1:20 117

JUT 12 wansTugumsneiumiavesgunsange

4.6 N59nay (Sphere)

Jugunssiiianusaubmeenisnsdumisasan iesndyedudaivguiuifesgadeilunimgu]

nsneundtla 9 Fadedlilanaededdd Support Usunaseudiuldsinuans iiedesiulylviandosdaniuuss
Tussvedlan uansdsgun 13
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Fuaw
0-360°
Yminvestuau (e) 31
dwifnaes Support (g) 2
el (hr:min) 1:28

5UT 13 nansTugunsneiuviesgunsina

5. @3y

NNFIVYANBANYIBNTNAVBINITINGLAUITUNUFDUSEANTAINATANN 3[R WUIHAN19NISINUY

P

gudnidudadeingaiiivuaninunmuagduyuniseda lnenanisvagaeuddnil gnuied uway Wisedn 4

'
P

UsgAnsamaegailiensuwnsuideninlifielasiaiisesuas Turaei nssnau WWugunsafidaniseiniign

Y 9

'
a

wazlinvegJangaianainnisly Support Usunaunnseugiu dmsu Ysuanuwmiden ey U3Tuvinmvdey avininy

4

a A 9 v o

doulmsayuiBeanuInnd 45 e FezEuasunseaunaarTaniudl dw nsangie dnnulgmnisesnmnin

q

a a ] A

Bausnadsaanesuautldnzan Ay nannisardglunisiansanfundunufenisidaeniuag Slicer

Yy
a P Aad Ao o a ¢

AR MUINAALYL Overhang HoeNigaiieannistd Support Hasadenaundnundulaguiuining

o«

famiionnuduas n1sUszliuauaunasenInafiniiuaun T unuiidadeidmasenunnidluds

q 3

D

Aenssn Ao waingm (Critical Angle): dvisutantianssiln mnyuaInBeaiu 45 as awi3udmardennnIniy
i unueghiidddyiomntanisisudesimuusiliudas guugiuarnisssuisauioures PLA fosns
vaolfuiuiiilelianasgundsesnaniadn luvagdl ABS Fesnisanmuwindeniidauazgumgiiasiiiioteariy
AMsuendu (Delamination) wazlasead1esesdu (Support) Jziinseegnduialivuiinuane Fafunsidening
funsunudionan support fuduisiafaslunissnvamuninia ddluewnan feyamantanunsniily
Uszgndldidugiudeyalunisdndulasanuuundnsiuel (Design for Additive Manufacturing: DFAM) Tnginis
9NLUUAISAIUIATIANINNITINT UL UAT uma S udY Lﬁaaﬂmmsﬁu%’awaqgﬂmﬂuﬁmﬁﬁaﬂ% Support
viooanuuudBulsiThuanBeamung 45° Wileansununisudn ansyozaimsnay

agUamAdinud dnvaranalfauwerdunumisussdiaveamadaduiulHingadeniniaves

denanafin InegunsefifiszunuAsdudagiunineesnswssdnsamagsgaluwwisiu sgelsiniu dedrinves

v
av a A [

NIl Anlunsussiliuuaydaomariugendwas UltiMaker Cura 5.10.0 uuieulvvasian PLA winlu Tuns
MnuItmgAnssumsigeuasnisdesiivesianoralisuudatiumulszdnsnmvesinaussuianusounay

Usznniandu i ABS %o PETG Zeprsiimsfinwiiiadnlunisneaasstusielulueunn
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6. AANIIUUTZNA

3
a v A

NuITedlaTunisaduayu ndngasimnssuwliuniuazias oalle a1v13AINITNYAAINNTT AME
FeNTIUANENT unIngtaemalulagsvasaasiuun Wednid luniseuwnsgianiui wiede dmsummaass

Tunssll
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in the Powder Metallurgy Industry
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FuUNlUTATUALLALRITU NIUNUINNIATTIUTGNAR LA
AdATY: lanending LANIRTIIN N1SARAUNY

Abstract

This study proposes to establish an optimal standard time for surface finishing of metal workpieces
using the powder metallurgy process by a vibrating polisher with ceramic abrasive materials. This addresses
the problem of the lack of clear time standards for the deburring and surface finishing steps, where
employees typically set times based on experience and feedback from previous workers, averaging 60
minutes per cycle. This results in higher production costs and unnecessary energy waste. The experiment

showed that the standard polishing time could be reduced from 60 minutes to just 50 minutes, or
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approximately 16.67%, while the resulting surface quality, free of sharp burrs and smooth, passed the

customer's standards requirements.

Keywords: Powder Metallurgy, Standard Time, Cost Reduction

1. umin

Tugmamnssunandntudnlangfifauniismsigs (Precision Manufacturing) Tnsianzegnsddluna
AIUEAAINNITNY UL UALALBIN ALY ﬂizmumiﬂé’vﬂgqamwrﬁa%umu (Surface Finishing Process) fioidu
funoudutats (Downstream Process) AfanudAgndanagns Ssdsransenulaenssienun i anuFou
fleudamane (Surface Roughness) WagAMLAIBLTINBAMYBINAnSuTidugaine Tullagty wuamienis
USuugsanmiaidonlded1sunsnanslunagmanvnssy Uszneusie nsuiuugsanmiameidansanuny
(Manual Finishing) n13¥agaeia3asdnsnaianizyng (Conventional Machining) wazn1s¥nfiadeszuvduasiiiou
(Vibratory Finishing) & susiazszidouisanaddeldivsunazdesidndanaiaiunnsraiulunudneaznis
Useynaldau [1-6]

PNNsANITuazdIEnunsruunsHARglulssnunsalfny) wudinseuiumsusuusann
AfunudinsszautgmnanamasgiunainsUfofnuiitaiou (Standard Time) wilnnuguURnudlng
?Nmﬁamsﬁmﬁu%uwﬁugmmaaﬂizaumifﬁdauuﬂﬂmms Fyuney1au (Heuristic Decision-Making) dswalwiiin
MsfruAsyegIaINsnLiitnniuaus il (Over-processing) iieUsziunudss inmsivdoyaids
Usgdndnuin szeznanillélunisdaiuedslutlagtuedi 60 wiiieseumsvhaiu Tnenszuiumsdanannuinnig
ATIABUAMAMTEWINNTZUINIT (In—process Inspection) LleUszifiunnuasandosiuinasiterivun (Quality
Conformance) M313@swmsguniauazszuumuauiivszansami dluganugaualunszuaunisnas
(Manufacturing Wastes) sisluiifivosiaan (Waiting Time) waznslindenulneadsylon sdwmansenuidu
gnlgvhlidununsnandIuiia (incremental Cost) getu wagUszanBnimUssandualngsauvesaunsol (Overall
Equipment Effectiveness: OEE) anasag 19l iudfgy vﬁ"ammﬁy ASANBILAERALILLINILT ST UL 0an
srezhalunszuiumsdeiameiniesduazifieuiadulssifuseiulumafinUssansamiBanszuiunsuazan
AUNUNITNER

= a

NUITEat vl ingUsrasdiiofny 3R89 kasiIMuANIATIUIaINmMNIzauTdn (Optimal

o

Standard Time) dmsunssuiunisusuleanImiiBuaulansng (Powder Metallurgy Components) f8LA3 81

ada

Taszuvduasiiiou lneurszidevisidudmeanssaudunisduasiaiaquamseninanssuaunsdussey

a o

(Periodic In-process Sampling) unUszen by L‘W‘aizqﬁ;m AIURINNTUTUUTIEN N (Saturation Point) Fadu
WituIUTTgnUR s uAuaeLdet ALz sDgRnsEUINMITALITLT wuamadinauenanag
Peifinuszavsamlumenisdnuazannislindinudniiuuds SunsonsedunisaiununmunneEn S sl
ArmaenadestumufesTTemmATiinIsudstugdlutiagiiu msfulnssuunstainduanulidanudy
dalunisiuiusu (Operational Excellence) # ardsasulilassasanszuiunsndalunmsudinuiangu
(Lean and Agile Manufacturing) ansauLIaIn13vinau (Lead Time) ansuyusianiiie (Unit Cost) uazidunisadng

anulalUTeumanswisdusgredaduliiunesdnslugagnainnssuuisounan
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2. F/nsantuau
suifuisiTeluunaruaduil ﬂsamqwﬁgumaumsﬁﬂLﬁumuL%aiwuaﬁhalﬂu%umau Usznaunieg N3
TUHULAZNITOBNRUUNTEUIUNITYINNU (Process Planning and Design) N1sin3asianaansiaraunsniinad
(Materials and Equipment Preparation) n13atliun1svaaauidanaass (Experimental Execution) nsduiinuag
iwiw‘ﬂjayjm‘?wizﬁ'ﬂﬁ (Data Acquisition) aaanaun1TUTELI UNANITNAABY (Statistical Data Analysis and
Evaluation)
2.1 ¥an qunsal uaziaiedle
2.1.1 wissdlevdnildlumsnnassiine Lﬂ%‘laﬂﬁwjﬂamwﬂa%ummmu%azLﬁau‘uﬁmdwﬂam
(Circular Bowl Vibratory Finishing Machine) #aduiadauseuawmasiniivunnids 3.7 Alatas (W) wseiulnd
fAfmun 380 Tad (V) uwagduTumsmnuguesdstngan 300 dns Ingszuudanangnesnuuvaiiiesessuns

a '

Inadewresdindauasunuedvaiaue Meaudoaniimenimuaslassadrsesgunsaldnangnuandlilugui 1

gil‘ﬁ 1 indesdnfuuuduasitou (Circular Bowl Vibratory Finishing Machine)

2.1.2 ansiseufizeuazansianilunszuiuns (Process Compound and Carrier Liquid) Tuns
aassildfinsUszgndlddiiuion Diesel Fuel) lu3unsasi 3 dns evhmihiiduasudeduuazansnme
(Alternative Liquid Compound) naunuansiaidaiadnsagulugnamnssu lnefiinguszasdiiionuaunisiden
mu anaufeuazanlusyloisive uastslunisvedraaveynialansauadniingaeanainiad uely
sTyensEUIuMIsnduasifiou

2.1.3 QUﬂiaimnaaué’ﬂwm:ﬁyuﬁaL%qﬁﬂumam‘ (Optical Inspection Equipment) tiuase
AuaLBENge (Optical Magnifier) gnildiued ssiloduulunsnsvaeunarussdudnumgnisnionm
ANINYDINT (Surface Topography) wazALUNNSssuuiuRaTuulansadluszransruIuns e (In-process
Visual Inspection) 1t 93151z Han151UE sunvaslunsazyranarldegrauugn Tnogddruignisvesaniy
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2.1.4 TandaR1Useaniesiiin (Ceramic Abrasive Media) 3Unsanszuandaide (Angle-Cut
Cylinder) Faflvwadifmudunugudnasuazauemingu 5x10 dadwns Wadavdaifinuaudfmuludiu

ANUVUILUUGIMAZAUNUNIUABNTENNTE Wlnzdmiun1sauas (Deburring) Wagn1susuuseanuiseuiioy

2 o & o o i v = zl'
%adsnm’mia‘wzm ImEJaﬂ‘me‘V]’NmEJm‘WLLazg‘U‘VﬁwmLllmmmﬂa’l’ﬂ(ﬂLLﬁmi’lﬁlazLaﬁlﬂiﬁugﬂw 2

JUN 2 dnwaurvendadaiesiin (Ceramic Abrasive Media) nsansyuansndss vuin 5x10 dadiuns

2.1.5 BUNUNADUIINNITTUIUNTIaN NN (Powder Metallurgy Test Specimens) Fusuil

Wlunsfinvmeaesnseil Asfunumedanfuguuazaunsiiinin dvunadurugudnarsnudeivuanis
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2.2 Maiudaya

a' Y v

AM9T1As 1T uRuS uFudensAnvinszuawiAl LN s IR S§IUR ug L (Baseline Data) Tu
nszvauNIUTUUsanmindunulanzves UM L nasiuvia S0 TnstununaaeuiitianAnviduduny
Ia‘wzwqﬁmuﬂixmumiﬁwﬁugﬂ (Compacting) LagNIUNTZUIUNTHINTNNI9AIUTOU (Sintering Process) il
Boufosud tiolfiduasieiulumafurunudeyadmaae

TudruressnifouiBnaans madufiunistaindunudieiniswfulganminssuuduasiouasgn
Amuslivinunuudeidssnsldanizaivay mndursldssdevisnsduiesidluseninainszuiunis
(In-process Sampling) I@amiﬁjwﬁuﬁumumaaumﬂﬁqﬁﬂﬁwﬁﬂﬁwmuﬂ%a: 5 Fu lunnea950ULIan 5 Wil
(Time Interval) deandassuununndunounsnaaosiiuandluzui 4 lasFuduiunsifoteyasundue
Busiu (Wil 0) auflsszaznansin 60 W7l Lilefigatmstuuassrysumisnandamthil (Functional Time) 7ivinly
JunurunusidetmunnuAATavegndn

sufouisnmsduiodadmasesiasiiudeluedradussuy unseitsmanisnnaouidsadinuandyi
Fuitusnuiegiiduanaitameluseunaniu 9 Giuau 5 990 5 3u Andudesas 100) dunasinesg Uty
Aeganysal {A3deTazinstudindaidnarndedilddvuadunannnsgulniivanzaudan
(Optimized Standard Time) @113 unszuaunisudn Tudauvesnssuisnisussduna qan niaduaiuazgn
ATI9ERUFaEn1 (Visual Inspection) $aufunisldgunsaifiaumans tileUssifiuauainauoidslasiaiieia
aruiFeuliou uaznsiieguesniuau (Burrs) fiall ilevdnanuaainiedousuiinaneniduyana (Subjective
Bias) kavUseiuANgNABIIUE1UDINARNS ﬂ’ISUSSLﬁuwaﬁgﬂwuﬂﬁﬁgﬂﬁ’lLﬁuﬂ’]iil’JuﬁUﬁL%‘EJTU’IEQéf’Wﬂ’IﬁWJUQJJ
AMAIW (Quality Control Expert) v8san1uuUsznaunis il ol uladnnisdndunazniuasunanisnaass

(Validation) {ulununaeiunsgiuainawas tormunvesgnaImng sLog1auTes
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3. HaN13IY
naveaeudmesesludiud dingusvasdndnitossyuarlinmeisssznaniimunzauiian (Optimal
Processing Time) fidsnaliidusunaaeuvssqunaridorundununinesauysal Tasssdovisnaaasld
vl iinisduasratanunmdunudiuiu 5 Susoseumavanes lunntasiaaduaned 5 uift (Periodic
5-Minute Time Interval) ﬁu@?@LwiamwL’%'méfuri@uﬂﬁﬂ%’uﬂqaamwﬂa (Uil 0) "Lﬂaauﬂssﬁﬂguqmzwnm??uqm
aanauaUuRanvemtnnuuiiRnude 60 Wil (Baseline Operational Time)

a

N15UsEIduLaENIINILARUAMNAIMT LY w198 uazALTunsNelansouNnTFIUTTUUUIMSNY

¥
€ v adv a

ABATIN 1SO 9001 UagAuANMUABINITVBIRNAIYBIENIUYTENBUNINIAIANYY tnaadunsinsevinedd ind
A mnaeiduysal liua n1snsivaeun1suaundestuesn3ua (Burr Disappearance) wazn13useiiiuanin
Snwaziuiluifsing 9 (Surface Topology and Quality Status) wail Lﬁ'alﬁ'mmmﬁi’wLLuﬂwqﬁﬂﬁmmi
\WasuLUauayndufdensyUIuNT (Process Saturation Point) I¥agnausiugn nan1siinmegiidmaanuas
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JUN 7 Snvugvesdunundsda 55 Wi

4. afusena

NHaN1INAaedlun1sNT 1 dansasfusenald 3 Ussbumdn dail

4.1 Yasafidaldiiisans (0-40 wrh) Tugae 0-40 WTwsnveINITdn Fuaunduurmualitiunme
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Thermal Spray Coating Enhancing the Wear Resistance Performance of

High-Speed Components by Using Thermal Spray Coating Technique
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Abstract
This research project aimed to investigate the enhancement of wear resistance in high-speed
mechanical components through the application of Thermal Spray Coating technology to extend service
life and improve engineering performance. The substrate material used in this study was Aluminum Alloy
6061, which is widely employed in industrial applications due to its lightweight characteristics, excellent
mechanical strength, and good machinability. A NigsAls alloy wire was employed as the bond coat to
enhance the adhesion between the substrate and the coating layer, while WC,,Co,Cr was applied as the
top coat to improve surface hardness and wear resistance. The coating process consisted of depositing the
bond coat using the Wire Arc Spray technique, followed by the application of the top coat using the High
Velocity Oxygen Fuel (HVOF) spraying process. This combination of coating techniques is capable of
producing a dense coating layer with excellent adhesion to the substrate. After the coating process, the
microstructure of the coating layer was characterized using Scanning Electron Microscopy (SEM). The coating
thickness was measured, and the surface hardness was evaluated to determine the mechanical properties
and overall coating quality. The experimental results revealed that the Nig;Als/WC,,Co,Cr coating system
significantly increased the surface hardness of the Aluminum Alloy 6061 substrate, thereby enhancing its
wear resistance and making it suitable for engineering components operating under severe frictional and
hish—speed conditions. Furthermore, microstructural analysis demonstrated that the coating exhibited good
adhesion to the substrate, a continuous coating structure throughout the sprayed area, and a relatively
uniform distribution of coating particles. These findings indicate that the selected thermal spray processes
are effective in producing high—quality protective coatings with considerable potential for industrial

applications requiring improved surface durability and wear performance.

Keywords: Wear Resistance, Hish—-Speed Components, Thermal Spray Coating Technique
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